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Preface

Hard to believe it has been 17 years since the last edition of the text Diabetes and 
Cardiovascular Disease. Yet the need for such a text has only increased. We have 
limited our text to Type II Diabetes Mellitus since the number of patients with type 
II diabetes is particularly on the rise. Diabetes mellitus not only remains an impor-
tant cause of morbidity and mortality in this United States and the Western nations, 
its prevalence is also increasing with rising obesity rates. In those ensuing 20 years 
new basic science breakthroughs and treatment options are present. We hope this 
book reflects these new discoveries.

The changes include a new publisher, Springer. We have included a general 
introduction to the topic of diabetes mellitus including its definition as well as the 
epidemiology of this growing disease.

Our basic research section has all updated chapters, but we have added new ones 
as well. Specifically, Drs. Moreiri and Doria have written a new chapter on the 
Genetics of Type II diabetes mellitus.

Other chapters transcend categorization. The chapter on Diabetes, Inflammation, 
and Cardiovascular Disease discusses both the basic science and clinical treatments 
as it relates to inflammation’s role in diabetes mellitus and cardiovascular disease. 
Dr. Mantzoros’ chapter on Adiponectin has a detailed review regarding GLP-1 
which is now a new treatment modality. Dr. Plutsky’s chapter on PPAR is another 
that contains both basic science and clinical studies as does the new chapter written 
by Dr. Balakrishna on Renin-Angiotensin and Aldosterone System.

In the section Associated Conditions, we have not only updated the chapters, we 
have a completely new chapter on the Metabolic Syndrome written by Drs. Via and 
Mechanick along with a new chapter on the Effects of Sleep Apnea on Cardiovascular 
Disease which may play a significant role in the etiology of not only hypertension 
but Type II Diabetes Mellitus itself. Both the chapters on Hypertension by Dr. 
McFarlane and colleagues and Dyslipidemia by Dr. Grunfeld et al. have been com-
pletely revamped and updated.
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We have expanded the Microvascular System with new chapters on Diabetes 
Mellitus and Neurological Disease by Dr. Lioutas and colleagues while Drs. Holder 
and colleagues wrote a chapter on the Autonomic System and Diabetes Mellitus. We 
also added a chapter on erectile dysfunction, an important manifestation of diabetic 
vascular disease by Dr. Ko and colleagues.

We have also added a section on the treatment of obesity, in terms of lifestyle, 
medications, and surgical options. Dr. Sweeny’s chapter and that of Dr. Hamdy’s do 
overlap in terms of the treatment of lifestyle but Dr. Hamdy discusses more on 
medical treatments to lose weight while Dr. Sweeny’s chapter limits itself to life-
style modalities in the treatment of obesity. Dr. Pecqueux reviews the surgical 
options for the treatment of obesity.

The biggest difference in this text from both its predecessor and other similar 
texts is the section on treatment discussing the older medical treatments including 
Dr. Scheen’s chapter on metformin and the sulfonylureas. Dr. Reaven discusses the 
use of insulin in the treatment of diabetic patients reviewing the clinical trials. Dr. 
Fitchett has done an extensive and scholarly review of the basic science and clinical 
use of GLP-1’s and SGLT-2 inhibitors and the treatment of diabetes mellitus and 
cardiovascular disease.

There are several new chapters on the specific approach to treatment in 2022 of 
patients with diabetes mellitus and cardiovascular disease. One chapter is on the 
treatment of acute cardiovascular disease in diabetic patients as it pertains to glu-
cose control, while another on the treatment of patients with stable cardiovascular 
disease. The chapter on Diabetes and Heart Failure has been completely rewritten to 
reflect the exciting changes in this area.

We have also added 2 special chapters on the treatment of DM in certain popula-
tions. The first is by Dr. Enrique Caballero on the treatment of diabetes mellitus in 
certain ethnic group. Also given that patients with diabetes mellitus were especially 
at risk to develop COVID pandemic, we have written a chapter on diabetes mellitus 
type II and COVID, reviewing the epidemiology of this ever-changing pandemic. 
The last chapter in the section is particularly salient given the burgeoning treatment 
options, written by Dr. Inzucchi and colleagues who do a superb job summarizing 
the proper approach to treating patients with type 2 diabetes mellitus.

Given the broad range in topics, we believe this book can be an important text for 
both the basic scientist and the clinician, specifically the endocrinologist, the cardi-
ologist, or the internist. And given the increasing prevalence of diabetes mellitus, 
this text is an important addition to any medical library.

We would like to sincerely thank all the contributors of this edition as it is their 
hard effort that has resulted in this successful textbook. We would like also to thank 
Humana Press-Springer for their trust in our abilities and all their help in accom-
plishing this project. In particular, we want to thank Swathiga Karthikeyan, the 
Project Coordinator, as well as Michelle Tam, Associate Editor, Clinical Medicine 
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at Springer. We also want to thank my (MJ) administrative assistant, Nane Solakhyan, 
for her help in preparing the Table of Contents and my (MJ) daughter, Jessica 
Johnstone, for editing several of the chapters. Lastly, I want to thank my wife (MJ), 
Ellen, who is always my biggest supporter and toughest critic, and whose enduring 
love is never in question.

Brighton, MA, USA Michael Johnstone  
Boston, MA, USA  Aristidis Veves  
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Chapter 1
Introduction: Epidemiology, Definitions, 
and Pathophysiology

Gregory P. Westcott and Richard S. Beaser

 Introduction

Today, it is almost impossible to think about diabetes without the potential comor-
bidity of cardiovascular disease. Their pathophysiology and clinical courses are so 
often intertwined that many think of them as varying manifestations of the same 
disease process. However, recognition of the interrelationship between these two 
conditions is a relatively recent event that underscores a significant progression in 
our understanding of their pathophysiology and treatment implications. Much of 
this evolution in our perceptions of these conditions has occurred in the lifetime of 
the senior author of this chapter (RSB). Thus, by way of introduction to this chapter 
and, as well, to this book will be a brief historic perspective to underscore how far 
we have come in the relationship between diabetes and cardiovascular disease.

Diabetes was functionally a glucocentric condition until about 50 years ago. The 
story of the discovery of insulin was all about glucose control [1] and the hope for 
survival that it afforded. Years later, physiologic control was demonstrated to impact 
the development of microvascular complications for people with type 1 diabetes [2]. 
However, for those with type 2 diabetes, while glycemic control did also impact the 
risk of developing microvascular complications, it had become clear that its impact 
on macrovascular disease was shared with other risk factors such as dyslipidemia 
and hypertension [3]. Therefore, the relationship of diabetes to macrovascular end-
points was not quite so clear.

G. P. Westcott 
Division of Endocrinology, Diabetes and Metabolism, Beth Israel Deaconess Medical Center 
and Harvard Medical School, Boston, MA, USA 
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I (R.S.B.) will indulge the reader briefly with some personal perspectives on the 
evolution of thought regarding this relationship. My father was Dr. Samuel Beaser, 
a leading diabetes specialist at Boston’s Beth Israel Hospital starting in the late 
1940s. In the 1950s and 1960s, he worked closely with Dr. Leo Krall from the Joslin 
Clinic on a number of the early trials of the sulfonylureas. The investigative process 
was crude by today’s standards of clinical trials. I have vivid childhood memories of 
him talking about these trials and storing boxes of the sample tablets in our base-
ment. This is well before the era of double-locked storage and meticulous inventory. 
When these drugs were approved I recall him telling of many people with diabetes 
suddenly appearing in doctors’ offices for treatment, having sought to avoid “the 
needle” and now enthused by an option in tablet form.

The enthusiastic reception for these medications was dampened with the publi-
cation of the University Group Diabetes Program (UGDP) [4, 5], which seemed to 
show an excess of cardiovascular deaths in people treated with tolbutamide vs. pla-
cebo. Much controversy followed [6], swirling with multiple points and counter-
points in the literature for many years thereafter. I can easily resist rehashing that 
decades-long controversy focused on randomization issues and study methods, as 
well as the issue of the cardiovascular safety of sulfonylureas! However, it is imper-
ative to underscore the importance of these events in evolution of our thinking about 
the relationship between diabetes and cardiovascular disease [7]. Many physicians, 
including my father, may have been skeptical about the results of the UGPD, but 
did, early on, acknowledge the relationship between diabetes and cardiovascular 
disease in practice as they increasingly shared care of these people with cardiolo-
gists. I recall many dinner table conversations (pre-HIPAA, of course) about how 
his patients were discovered to have coronary disease “just in time” before they had 
a serious cardiovascular event.

It still took a while for that recognition to be widespread. At that time, the mid- 
to- late 1970s, diabetologists and cardiologists were different breeds. As a fourth- 
year medical student heading for a career in diabetes, I spent a month on a cardiology 
elective at an esteemed academic hospital. Still, my focus, even then, was on the 
chronic condition, diabetes. I enjoyed adjusting insulin, waiting a few weeks, seeing 
how it worked based on urine test results and a few blood glucose tests, and then 
adjusting the doses a bit more. If these people complained of chest pain, I would 
send them to the nearest cardiologist or an emergency room as fast as I could. 
However, for that elective month I was surrounded by those very cardiologists. They 
admitted people, immediately evaluated them for what could be acute coronary dis-
ease, rushed them into the cath lab and then to the OR for their CABG, all within a 
couple of days, not weeks or months. No two mindsets could be further apart! Their 
problem lists were headed by coronary disease and included items like peripheral 
vascular disease, cerebrovascular disease, and renal failure. Diabetes, usually at the 
bottom of that list, was invariably described as being “stable,” meaning not acutely 
or dangerously hyper- or hypoglycemic on the day of admission.

From that time to now we have seen the convergence of these once divergent 
specialties. Studies such as the UKPDS [3] further elucidated the presence of mul-
tiple cardiovascular risk components that increased the risk of developing 
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cardiovascular disease. This constellation of risk factors and potential pathophysi-
ologic mechanisms leading to cardiovascular disease was described by Dr. Gerald 
Reaven [8] as what eventually came to be called “the Cardiometabolic Syndrome” 
[9]. Cardiovascular outcomes trials, in various evolving forms, have now become a 
requirement for approval of all antidiabetes medications [10]. We have come to a 
point today when the diabetologist and cardiologist are brethren, working together 
in concert to address the metabolic and cardiovascular healthcare challenges that are 
still, all too frequently, the cause of death for our patients.

We are now following a common pathway for diabetes and cardiovascular dis-
ease, with research and clinical coordination seeking to optimize outcomes for our 
patients. This chapter gives an overview of the conjoining of these once-disparate 
specialties, and the rest of this book provides the further detail. We got to this point 
via two distinct pathways, both filled with controversy and uncertainty. Yet, these 
pathways have now converged, and today we travel together with more unified 
visions of the evolution of care for our patients.

 The Diabetes Epidemic

Diabetes is a pressing health concern in the United States and worldwide. According 
to the CDC, 10.5% of the U.S. population (or 13% of adults) had been diagnosed 
with diabetes as of 2016, and an additional 4.5% were estimated to have undiag-
nosed diabetes [11]. These figures represent a steady increase in the prevalence 
compared to 2012 (8.9% diagnosed and 4.4% undiagnosed), 2002 (6.6% and 4.2%), 
and 1994 (4.9% and 3.4%) (see Fig. 1.1a for trend since 2000). Globally, the trend 
is similarly daunting. In 2004, the worldwide prevalence of diabetes in the year 
2000 was estimated to be 2.8%, or 171 million people, and was projected to rise to 
4.4% and 366 million people by 2030, assuming the same prevalence of obesity 
[12]. The authors rightly commented that this would likely be an 
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underestimate—indeed, according to the International Diabetes Federation, the 
worldwide prevalence of diabetes had already reached 9.3% in 2019, or 463 million 
adults, a figure projected to balloon to 10.2% and 578 million adults by 2030, an 
increase of 25% in just 11 years [13].

Diabetes has significant health sequelae, including cardiovascular, renal, oph-
thalmologic, and neuromuscular complications, and represents the seventh leading 
cause of death in the U.S [14]. The medical care required to treat diabetes and its 
complications is associated with substantial cost in terms of both medical expendi-
tures as well as lost productivity. An analysis directed by the American Diabetes 
Association estimated the total cost of diabetes in 2017 was $327 billion, including 
$237 billion in direct medical costs and $90 billion in reduced productivity due to 
absenteeism, reduced productivity while at work, inability to work as a result of 
disability, and premature death [15].

The burden of diabetes is not shared equally among all demographic categories. 
According to the 2020 National Diabetes Statistics Report compiled by the CDC 
[16], there is a male-predominance (14% vs. 12% of females). In terms of race and 
ethnicity, the prevalence of diagnosed diabetes is highest among American Indians 
(14.7%), Hispanics (12.5%), and non-Hispanic blacks (11.7%), followed by Asians 
(9.2%) and non-Hispanic whites (7.5%) (Fig. 1.1b). However, these broad catego-
ries do not capture significant heterogeneity within racial categories; for example, 
only 5.6% of U.S. adults who report Chinese ethnicity have diabetes, while 12.6% 
of Asian Indian Americans are diabetic. Similarly, 6.5% of Cuban Americans have 
diabetes, while 14.4% of Mexican Americans are diabetic. Though confounding 
factors are likely, a higher level of educational attainment is associated with a lower 
prevalence of diabetes—13.3% of adults with less than a high school education 
have diabetes, while 7.5% of those with more than a high school education do.

As a chronic disease, the prevalence of diabetes grows with increasing age; total 
diabetes prevalence rises from 4.2% in adults 18–44 years old to 26.8% in those 
65 years or older. But a particularly concerning trend is the rise of diabetes among 
youths. The incidence of type 2 diabetes in those aged 19  years and younger 
increased by 7.1% annually from 2002 to 2012, from a rate of 9 per 100,000 to 
12.5 per 100,000, despite no overall increase in the prevalence of obesity in this age 
group over the study period [17].

 A Heterogeneous Disease with Diverse Etiologies

As diabetes has increased in prevalence over the decades, so too has our understand-
ing of the underlying pathophysiology. Common to all types of diabetes mellitus is 
elevated blood glucose as a result of inadequate insulin-mediated glucose disposal, 
though this may result from distinct mechanisms. Originally categorized into juve-
nile- or adult-onset based on the typical age of diagnosis, we now favor classifica-
tions that reflect the underlying etiology, as diabetes of any cause can present as a 
child or adult. Likewise, the terms “insulin-dependent” or “insulin-independent” are 
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now less-commonly used for classification, as patients with multiple types of diabe-
tes use insulin as part of their therapy.

Autoimmune causes of diabetes result from autoimmunity directed against the 
insulin-producing pancreatic beta cell. This predominantly consists of classic type 
1 diabetes, which presents rapidly during childhood, adolescence, or early adult-
hood, but also includes a more gradually progressive form that presents in mid-to- 
late adulthood, commonly called latent autoimmune diabetes in adults (LADA) or 
type 1.5 diabetes. There has been the suggestion that a more latent type of autoim-
mune diabetes may exist in the young as well [18], though this is not well- established. 
Patients with type 1 diabetes universally require exogenous insulin therapy to sur-
vive, as destruction of the beta cell mass results in the absolute lack of insulin pro-
duction. Patients with LADA also eventually require insulin, though this may take 
several years from the time of diagnosis [19].

Monogenic forms of diabetes have also been identified, in which a single gene 
mutation results in decreased pancreatic insulin production due to defective glucose 
sensing or impaired insulin secretion response. Multiple genetic mutations have 
been identified in neonatal diabetes mellitus (NDM) and mature-onset diabetes of 
the young (MODY), the most common of which include HNF1A, in which hyper-
glycemia is responsive to sulfonylureas, and GCK, which produces mild fasting 
hyperglycemia and can be managed with lifestyle [20]. Monogenic diabetes often 
present in young adulthood and is associated with a strong family history of diabe-
tes but no evidence of insulin resistance, and negative beta cell antibodies. These 
patients are often misdiagnosed as having type 1 or type 2 diabetes, but when you 
see this type of person, genetic testing for known mutations is available in situations 
where a monogenic cause is suspected. There is variability in clinical manifesta-
tions, even between individuals with the same mutation. While patients with GCK 
MODY rarely need treatment or develop diabetic complications, in other MODY 
types, complications arise at a similar frequency as in T2DM and depend on the 
degree of hyperglycemia [21].

An additional class of diabetes occurs as a result of loss of pancreatic tissue, 
either from surgical pancreatectomy or damage to islets, most commonly from 
chronic pancreatitis but also as a complication of cystic fibrosis or hemochromatosis 
[22]. Termed pancreatogenic or type 3c diabetes, this disease differs from type 1 
diabetes due to loss of the entire islet rather than beta cells alone, resulting in the 
lack of glucagon counter-regulation, which may lead to more glycemic instability 
and hypoglycemia [23].

Although type 1, monogenic, and pancreatogenic diabetes are important causes 
of diabetes, 95% of adults with diabetes in the US are classified as having type 2 
diabetes (T2DM) [16], which is a complex, polygenic disease that arises principally 
from impaired insulin sensitivity and action, rather than as a primary disorder of the 
beta cell, though beta cell dysfunction is also present. It was known within several 
years of insulin’s discovery that patients could be classified as insulin-sensitive or 
insulin-insensitive [24], and later that insulin insensitivity, more commonly termed 
insulin resistance, was phenomenon that was later linked to visceral fat accumula-
tion [25]. It was also noted that insulin resistance had to be coupled with inadequate 
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insulin production in order to produce overt hyperglycemia and type 2 diabetes [26]. 
In the early 1990s, an atypical form of type 2 diabetes originally termed Flatbush 
diabetes, and now referred to as ketosis-prone diabetes (KPD), was identified in 
African-American patients who developed diabetic ketoacidosis despite negative 
islet cell autoantibodies and lack of insulin dependence [27]. Patients from a wide 
range of ethnic backgrounds have subsequently been diagnosed with KPD, and it is 
now recognized that KPD itself has a number of subtypes distinguished based on 
beta cell function and autoimmunity [28]. It is important to recognize this entity, as 
sodium-glucose cotransporter-2 (SGLT2) inhibitors, which are increasingly used in 
patients with cardiovascular disease, are known to increase plasma ketones [29].

Over time, there has been an increasing understanding that T2DM is not simply 
a function of lifestyle or body habitus, and a deeper appreciation for the role of 
genetic determinants of the disease. The genetics of T2DM is quite complex and has 
attracted a considerable amount of investigation. An early attempt to quantify 
genetic contribution to the disease based on the Framingham Offspring Study dem-
onstrated that adults with one diabetic parent had 3.5 times the risk of having T2DM, 
and with two diabetic parents a 6.1 times higher risk, as compared with people with 
two non-diabetic parents [30]. Twin studies have generally demonstrated a signifi-
cantly increased concordance of type 2 diabetes in monozygotic twins [31], though 
not all studies have shown a difference in concordance in monozygotic as compared 
to dizygotic twins [32, 33]. More recently, monozygotic twins discordant for T2DM 
have been demonstrated to have epigenetic differences in their adipose tissue, which 
may be a result of environmental factors and impact risk for disease [34].

Many genetic associations have been reported for type 2 diabetes starting in the 
early 90s with candidate gene approaches, as was the case, for example, with poly-
morphisms in the insulin receptor substrate-1 gene [35], though in the past 20 years, 
the increasing availability and depth of human sequencing data have improved our 
ability to robustly probe and confirm associations of genetic alterations with risk for 
type 2 diabetes. Since genetic risk of T2DM is conferred by the combination of a 
large number of genetic loci with individually small effect sizes [36], meta-analyses 
of genome-wide association studies (GWAS) incorporate tens of thousands of indi-
viduals’ data [37] to identify genes of interest. More recent GWAS meta-analyses 
have additionally integrated epigenetic and gene expression data to identify addi-
tional loci which may be involved [38].

As might be expected given the genetic complexity, there is clinical heterogene-
ity within T2DM, and there has been increasing interest in exploring and defining 
subtypes of the disease. In 2015, an unsupervised subject similarity network 
approach was applied to patients with T2DM across multiple clinical dimensions, 
ultimately identifying three clusters with unique characteristics [39]. Some clinical 
insights could be drawn from the data, for example, while subtype 1 were the young-
est and had the best renal function, they were also the most likely to have ICD codes 
associated with blindness and vision defects. A number of genetic polymorphisms 
were also found to be associated with certain clusters; for instance, PLXDC2 and 
HS6ST3, genes associated with diabetic retinopathy [40], were enriched in subtype 1.
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A Swedish analysis published in 2018 also used clinical factors including BMI, 
age of DM onset, HOMA2-B/IR, and C-peptide to define five separate clusters of 
diabetes (including T1DM); autoimmune diabetes composed one cluster, and the 
other four were defined as severe insulin-deficient, severe insulin-resistant, mild 
obesity-related, and mild age-related [41]. In addition to noting possible implica-
tions for different pathophysiological mechanisms between clusters, the authors 
also found differences in severity and complications between the groups, with the 
severe insulin-resistant cluster having a particularly high risk of chronic kidney dis-
ease, while the severe insulin-deficient had the highest risk of retinopathy. There 
was no significant difference in age- and sex-adjusted risk for coronary events and 
stroke between clusters.

While these two aforementioned studies categorized patients based on clinical 
characteristics and then analyzed genetic features of each cluster, a primary cluster-
ing based on germline genetic variants has recently been performed to attempt to 
identify underlying causal mechanisms [42]. Using a more flexible “soft clustering” 
approach, five clusters were identified based on genetic variants and associated 
traits. Defining traits for clusters 1 (“Beta Cell”) and 2 (“Proinsulin”) related to beta 
cell insulin production and processing, albeit by two different pathways. The traits 
most strongly associated with cluster 3 (“Obesity”) were related to BMI, while clus-
ter 4 (“Lipodystrophy”) traits related to “lipodystrophy-like” insulin resistance, and 
cluster 5 (“Liver/Lipid”) included traits associated with lipid metabolism and non- 
alcoholic fatty liver disease. Of note, the strongest weighted loci from the Beta Cell 
and Lipodystrophy clusters were most significantly associated with increased risk 
of coronary artery disease and ischemic stroke, including small vessel and large 
vessel subtypes, but not cardioembolic strokes. The Lipodystrophy cluster was also 
associated with increases in both systolic and diastolic blood pressure. Interestingly, 
the Lipid cluster did not significantly associate with CAD or stroke risk, underlying 
the complexity of determining unifying mechanisms and risk factors for these 
diseases.

It is important to emphasize that insulin resistance is not binary, but rather mani-
fests with a spectrum of severity, and may also be evident in populations who do not 
meet criteria for a diagnosis of diabetes. For example, 34.5% of adults in the U.S. are 
estimated to have prediabetes [43]. A diagnosis of prediabetes is made based on an 
elevated HbA1c and/or elevated fasting glucose that does not meet the threshold for 
type 2 diabetes, and, unless the patient has MODY or early autoimmune diabetes, 
this is evidence of underlying insulin resistance. Similarly, during pregnancy, a state 
in which insulin resistance is physiologic and mediated by placental hormones such 
as human placental growth hormone as well as cortisol, estrogen, and progesterone 
[44], some patients without pre-existing diabetes may be unable to mount an ade-
quate insulin secretory response to prevent hyperglycemia, and gestational diabetes 
results. Gestational diabetes often resolves after delivery, though these patients are 
at high risk of developing T2DM within 5 years after their pregnancy, likely due to 
the underlying genetic predisposition that was unmasked by the insulin resistance 
inherent in pregnancy [45].
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 The Twin Threat of Diabetes and Cardiovascular Disease

As described at the outset of this chapter, cardiovascular disease and diabetes are 
now understood to be closely related. Cardiovascular disease is the leading cause of 
death in people with diabetes [46]. The understanding of this relationship has evolved 
over several decades as diabetes and insulin resistance were linked to hypertension 
and atherosclerosis under a variety of different names and definitions [47], includ-
ing, for example, the hypertension–hyperglycemia–hyperuricemia syndrome, the 
deadly quartet, the syndrome of affluence, the insulin resistance syndrome, and, as it 
is predominantly known today, the metabolic syndrome. The modern definition of 
the metabolic syndrome is attributed to Gerald Reaven, who in 1988 grouped insulin 
resistance/hyperinsulinemia, hyperlipidemia, and hypertension into Syndrome X 
[48]. The features of the metabolic syndrome are now generally accepted to include 
abdominal obesity, atherogenic dyslipidemia, hypertension, insulin resistance and 
glucose intolerance, and a prothrombotic and proinflammatory state. Clinically, dif-
ferent definitions are used; the National Cholesterol Education Program introduced 
the most commonly used criteria which use waist circumference (which is more 
highly correlated with metabolic risk compared to BMI), triglyceride and HDL con-
centrations, blood pressure, and fasting glucose. The World Health Organization 
[49] and American Association of Clinical Endocrinologists [50] offered similar 
definitions, but included oral glucose tolerance testing in their criteria and are there-
fore more sensitive in detecting glucose intolerance [51].

The metabolic syndrome is clearly associated with an increased risk of overall 
and cardiovascular mortality [52, 53], though studies have disagreed on whether 
having multiple components of the syndrome confer more risk than the individual 
components [54] or not [55, 56]. There has been controversy as to whether the con-
cept of a metabolic syndrome is useful, particularly as a unifying pathophysiology 
has remained elusive, and treatment consists of treating the individual components 
[57], but is generally thought to be helpful in encouraging clinicians and researchers 
to consider the connection between these diseases. Research into this complex rela-
tionship continues, including investigations into direct effects of hyperinsulinemia 
and hyperglycemia on inflammation, endothelial cells, liver metabolism, smooth 
and skeletal muscle, thrombosis and fibrinolysis, and more, as discussed in detail 
throughout this book.

 Diabetes Treatments and Emerging Applications

Diabetes medications have traditionally been evaluated only with attention to their 
glucose-lowering capability. Given the baseline increased risk for cardiovascular 
disease in patients with diabetes, studies have explored the effect of older medical 
therapies on cardiovascular complications, beginning with the UGDP which is 
described at the beginning of this chapter. Observational studies and meta-analyses 
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of sulfonylureas have reported conflicting results, likely due to bias and choice of 
comparator drug [58], though typically show increased risk for cardiovascular 
events compared to metformin and no difference in risk compared to the dipeptidyl 
peptidase-4 inhibitor linagliptin [59].

The availability of adequately powered, prospective clinical trial data on diabetes 
drugs’ modulation of cardiovascular risk has recently been addressed by a change in 
FDA policy. Due to concerns about the impact of the thiazolidinedione rosiglitazone 
on cardiovascular risk [60], FDA issued guidance [10] that drug makers must dem-
onstrate a new diabetes therapy must not be associated with an increase in cardio-
vascular risk. While all trials performed for this purpose to date have demonstrated 
at least non-inferiority with respect to cardiovascular risk compared to placebo, 
several have unexpectedly demonstrated cardiovascular protection, most notably 
multiple members of the SGLT2inhibitor and glucagon-like peptide 1 (GLP-1) 
receptor agonist classes [61]. Intriguingly, even in patients without diabetes, the 
SGLT2 inhibitor dapagliflozin has been demonstrated to prevent worsening heart 
failure or death from cardiovascular causes [62] and progression of chronic kidney 
disease [63]. Though the exact mechanism by which these medications influence 
cardiovascular disease is not well understood, these advances have the potential to 
be transformative in the way we treat diabetes and understand its relationship to 
cardiovascular health.
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Chapter 2
Effects of Insulin on the Vascular System

Anthony S. Sallar and Helmut O. Steinberg

 Introduction

The function of the vascular system is to allow the delivery of blood (oxygen and 
nutrients) to the tissues according to their unique metabolic needs, and the function 
of insulin is to enhance the storage of nutrients and to support tissue growth. To 
accomplish this task for the ever-changing tissue requirements for oxygen and nutri-
ents and without compromising the blood supply of vital organs, the vascular system 
responds in a variety of ways. It responds at the local tissue level via the release of 
short-acting vasoactive hormones, which redirect blood flow from less active to more 
active tissue units. The vascular system reroutes blood flow from organs with (rela-
tively) lesser needs to organ systems, which require higher rates of blood flow, for 
example, by activation of the sympathetic nervous system (SNS). Finally, if tissue 
requirements cannot be met by the above mechanisms, cardiac output will increase 
to meet all requirements and to avoid dangerous reductions in blood pressure.

When this chapter was first published in 2005, more than 20 years after insulin’s 
action on the vasculature had been demonstrated in the dog [1], most groups in the 
field had come to agree that insulin, in the human, in addition to its actions on glu-
cose, protein, and fatty acid metabolism also exhibited distinct effects on the vascu-
lar system. Equally important, elevated circulating insulin levels had been found to 
be an independent risk factor for cardiovascular disease (CVD). These observations 
raised the question whether elevated insulin levels per se might cause macrovascu-
lar disease or whether the insulin levels were elevated to compensate for the insulin 
resistance seen in obesity, hypertension, and type 2 diabetes. Thus, the question to 
be answered was whether insulin itself possessed direct vascular effects, which 
might accelerate atherosclerosis or cause hypertension. Overall, in the last 15 years, 
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most of what we knew in 2005 has been confirmed; insulin elicits a coordinated 
response at the level of the skeletal muscle vasculature, the heart, and the SNS, and 
possibly even in the larger conduit vessels. Equally importantly, no studies have 
shown that insulin’s actions contribute to CVD.

Insulin, in lean insulin-sensitive subjects, increases skeletal muscle and adipose 
tissue blood flow at physiological concentrations. Simultaneously, cardiac output 
and SNS activity increase. The majority of the increment in cardiac output is 
directed toward skeletal muscle, suggesting that the blood-flow elevation as a result 
of insulin’s vascular action may be instrumental in augmenting skeletal muscle glu-
cose uptake. Over the last 15 years, due to the increased use of contrast-enhanced 
ultrasonography (CEU) in skeletal muscle, it has been shown that insulin increases 
skeletal muscle and adipose tissue perfusion and is also highly likely to increase 
capillary recruitment and perfusion, even before cardiac output increases. However, 
the accuracy of these observations has been questioned by results from animal stud-
ies that applied newer technologies [2, 3].

The role of the rise in sympathetic nervous system activity (SNSA) in response 
to insulin is less well understood. It has been proposed that the increase in SNSA 
may counteract insulin’s vasodilator effect to avoid a decrease in blood-pressure 
levels; there are more recent studies that support this notion. The insulin-induced 
change in SNSA may also be important for blood-flow regulation in adipose tissue. 
Furthermore, insulin may also exert part of its cardiovascular effects indirectly via 
modulation of renal sodium and volume handling.

It has been demonstrated that insulin’s effect on skeletal muscle blood flow is 
mediated through the release of endothelium-derived nitric oxide (NO), the most 
potent endogenous vasodilator. Importantly, NO is not only a vasodilator but also 
exhibits a host of anti-atherosclerotic properties. In addition to its effect on NO 
release, insulin also modulates the response to other vasoactive hormones such as 
angiotensin II or norepinephrine (NE) at the level of the vascular endothelium and 
the vascular smooth muscle cell. Therefore, insulin’s effect on the vasculature of 
normal subjects appears to be beneficial in that it may counteract blood-pressure 
elevation and inhibit the atherosclerotic process.

Assessment of insulin’s effect on human microcirculation has flourished over the 
last 15 years mostly due to increased availability of CEU technology; progress of 
this technology and other technologies combined with enhanced computational 
capabilities are likely to lead to interesting findings in the study of single arterioles 
or capillaries in the future [4, 5]. Results obtained with CEU and with various tech-
niques, such as tracer, positron emission tomography (PET) scanning and magnetic 
resonance demonstrate, with few exceptions, that insulin increased microvascular 
perfusion through capillary recruitment.

Insulin’s vasodilator effect on skeletal muscle and adipose tissue vasculature is 
blunted in states of insulin resistance such as obesity, hypertension, and type 2 dia-
betes mellitus; and more evidence for impaired endothelial function and decreased 
NO production in obesity, hypertension, and type 2 diabetes has been developed 
over the last 15 years. Additional findings suggest that the size of adipocytes and 
adipose tissue depot may constrain blood supply and, therefore, affect perfusion. 
The mechanism(s) by which obesity and type 2 diabetes impair endothelial function 
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are not fully elucidated and are likely multifactorial; a combination of factors such 
as elevated free fatty acid (FFA) levels, increased endothelin-dependent vascular 
tone, increased levels of asymmetric dimethyl-arginine (ADMA), or endothelin as 
observed in these insulin-resistant subjects may account, at least in part, for the 
vascular dysfunction.

The following review will focus mainly on data obtained from human studies, 
but data from animal or in vitro studies will be used when providing mechanistic 
insight into insulin’s effects on the vasculature.

 Technical Considerations

Before exploring insulin’s vascular actions, several technical considerations should 
be made. In vivo studies of insulin’s effect on the vascular system require, in most 
cases, systemic administration of glucose (euglycemic hyperinsulinemic clamp 
technique) to maintain stable glucose concentrations. Using the euglycemic hyper-
insulinemic clamp technique [6] avoids hypoglycemia and the release of hormones 
such as epinephrine, NE, or cortisol, which can blunt the metabolic and vascular 
action of insulin. However, glucose metabolism will be increased by insulin admin-
istration, and therefore, it may be difficult to dissociate insulin’s vascular and meta-
bolic effects. Furthermore, even small amounts of insulin may result in a decrease 
of systemic FFA levels or in an increase in SNSA, which may alter vascular 
responses to different stimuli.

The experimental conditions under which the data are obtained may influence 
the vascular response to insulin and other vasoactive substances. For example, the 
cardiovascular response in part may depend on whether the study is performed with 
the subject in the supine or upright-sitting position [7], whether the forearm or the 
leg is studied and so on. Finally, in regard to the assessment of skeletal muscle per-
fusion and blood pressure, all methods (strain gauge plethysmography vs thermodi-
lution or PET scanning or CEU) have different sensitivities, which may explain part 
of the divergent observations in the literature. Similarly, results of vascular function 
studies may differ according to the methods. Interestingly, flow-mediated vasodila-
tion (FMD), the change in brachial artery diameter in response to ischemia, did not 
correlate with insulin sensitivity in a larger Canadian study.

 Physiology

 Insulin’s Effects on Skeletal Muscle Blood Flow

Insulin increases skeletal muscle blood flow in lean insulin-sensitive subjects. This 
insulin effect is observed in the leg [8, 9] and the forearm [10]. Insulin’s vasodilator 
action occurs at physiological concentrations and in dose-dependent fashion 
(Fig.  2.1). Limb blood-flow rates nearly double at insulin levels in the high 
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Fig. 2.1 Rates of leg blood flow in response to a wide range of steady-state insulin concentrations 
during euglycemic clamp studies in lean (filled square), obese (filled circle) and obese type 2 dia-
betic (filled diamond) subjects. The insert shows the insulin concentration required to achieve 
half-maximal increments in leg blood flow (EC50) in the different groups. (From ref. 11)

physiological range (~70–90 μU/mL). However, not all researchers have been able 
to observe the vasodilatory effects of insulin [12], except after a prolonged infusion, 
or at very high (~3000 μU/mL) systemic insulin levels [13]. The reasons for these 
divergent findings are not clear but are likely a result of differences in sensitivity and 
reproducibility of the methods used to determine blood flow.

In lean, insulin-sensitive subjects, the onset of insulin-mediated increments in 
skeletal muscle blood flow occurs early during a euglycemic/hyperinsulinemic 
clamp with a half-life of approximately 30 min, nearly identical to that of insulin’s 
effect to increase glucose extraction [14]. A similar time course for insulin’s vascu-
lar effect has also been described by Westerbacka and associates [15], who studied 
the effect of euglycemic hyperinsulinemia on pulse wave reflection in the aorta. In 
this study, the authors measured the pressure difference (central aortic augmenta-
tion) between the early and late systolic pressure peaks using applanation tonome-
try. They found that pressure augmentation and augmentation index decreased 
already after 30 min of hyperinsulinemia becoming statistically significant after 1 h. 
Because wave reflection is determined by compliance and vascular resistance, and 
because an early rise in skeletal muscle blood flow was not detected, which indi-
cates a fall in peripheral vascular resistance, the authors concluded that insulin at 
physiological concentrations (~60 μU/mL) affects the caliber or distensibility (com-
pliance) of large arteries. Studies in rats indicate [16] that insulin-mediated vasodi-
lation may occur prior to an increase in cardiac output. Taken together, these studies 
provide evidence that insulin’s effect on the vasculature occurs early in the course 
of hyperinsulinemia and parallels its effect on glucose metabolism.
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Insulin does not only increase skeletal muscle blood flow at physiological con-
centrations but also augments the response to the endothelium-dependent vasodila-
tor methacholine chloride (MCh). We have demonstrated [17] nearly a 50% 
augmentation of endothelium-dependent vasodilation at insulin levels of about 
25 μU/mL. However, insulin did not augment the leg blood-flow response to the 
endothelium-independent vasodilator sodium nitroprusside (SNP). In support of our 
observation, insulin augmenter endothelium-dependent relaxation in response to the 
endothelium-dependent vasodilator acetylcholine in the isolated rat aorta but did 
not affect the response to SNP [18]. Taken together, these data indicate that insulin 
augments the production of but not the response to NO. In contrast to the above 
findings, euglycemic hyperinsulinemia was found to decrease FMD independent of 
insulin sensitivity or plasma lipid concentrations [19]; however, these results are 
difficult to interpret because this study used a less well-defined model to estimate 
endothelial function [20].

Insulin augmented the endothelial response to MCh, and therefore, we hypothe-
sized that insulin causes skeletal muscle vasodilation via the release of NO. Using 
NG-monomethyl-l-arginine (l-NMMA), an inhibitor of NO synthase, we found 
that insulin’s vasodilatory effects could be nearly completely annulled. In addition, 
the increment in leg blood flow was prevented by administration of l-NMMA into 
the femoral artery prior to initiating the systemic insulin infusion [14]. Moreover, 
leg blood flow, which nearly doubled in response to 4 h of euglycemic hyperinsu-
linemia returned to baseline (Fig. 2.2) levels within 5 min of an infusion of l-NMMA 
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Fig. 2.2 Leg blood flow under basal conditions (saline), in response to 4 h of euglycemic hyper-
insulinemia alone (insulin) and with superimposed intrafemoral artery infusion of l-NMMA (insu-
lin + l-NMMA). (From ref. 17)
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into the femoral artery [17]. Our findings have been confirmed by others in humans 
[21] and in animals [22]. The notion that insulin acts via release of NO from endo-
thelial cell is supported by the observation that insulin directly releases NO from 
human umbilical vein endothelial cells [23]. This insulin-mediated NO release 
occurred in a dose-dependent fashion and could be completely abolished by 
N(omega)-nitro-l-arginine methyl ester (l-NAME), an inhibitor of NO synthase. 
These results establish that insulin increases skeletal muscle blood flow, at least in 
part, via release of endothelial-derived NO.

Further investigation of the signaling pathway involved in insulin-mediated NO 
release revealed that genistein (an inhibitor of tyrosine kinase) nearly completely 
prevented the release of NO. Importantly, application of wortmannin, which inhibits 
phosphatidylinositol 3-kinase (PI3K), a signaling molecule required for insulin’s 
effect to increase glucose uptake, caused about a 50% decrease in NO production. 
These in  vitro results indicate that insulin-induced release of NO is mediated 
through signaling pathways involving tyrosine kinase, PI3K, and Akt downstream 
from the insulin receptor [24]. Importantly, Akt has recently been shown to phos-
phorylate endothelial NO synthase (eNOS), which results in increased activity of 
eNOS [25, 26]. Since insulin also increases the transport of amino acids into cells, 
the increased NO production may represent the complementary effects of eNOS 
phosphorylation and increased intracellular availability of arginine, the precursor of 
NO. Together, these findings suggest that insulin’s metabolic and vascular actions 
share common signaling pathways which might explain the similar time course of 
skeletal muscle vasodilation and glucose uptake in response to insulin. Moreover, 
impairment of a common signaling pathway in obesity, hypertension, or diabetes 
could lead to both blunting of insulin-mediated blood-flow increments and decreased 
rates of skeletal muscle glucose uptake. In this regard, it is important to note that 
mice deficient of eNOS were insulin resistant and mildly hypertensive [27], but 
mice deficient of endothelial insulin receptors [28] exhibited normal glucose metab-
olism. Results from a recent study in primates [29] suggest that epoxyeicosatrienoic 
acids also mediate insulin-mediated augmentation in skeletal muscle perfusion.

 Insulin’s Effects on the Heart

Our lab [30] investigated the effect of different insulin infusion rates on stroke vol-
ume in groups of lean normotensive volunteers (Fig. 2.3a). Hyperinsulinemia in the 
low physiological range (35  ±  4  μU/mL) and in the high physiological range 
(78 ± 6 μ/mL) increased stroke volume by about 7%. A nearly 15% augmentation of 
stroke volume was observed with supraphysiological insulin concentrations 
(2145 ± 324 μU/mL). A similar effect of insulin on stroke volume was reported by 
Ter Maaten and associates [31], who observed a nearly 13% rise at insulin levels of 
about 30 μU/mL. The increase in stroke volume could be a result of either a decrease 
in peripheral resistance (see section “Insulin’s Effect on Blood Pressure and Vascular 
Resistance”) or as a result of an increase in inotropy of the heart muscle. Experiments 
in the isolated beating heart or with heart muscle preparation indicate that insulin 
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Fig. 2.3 Percent change (%∆) from baseline (a) in stroke volume (SV), (b) in heart rate (HR), (c) 
in cardiac output (CO), (d) in mean arterial blood pressure (MAP), and (e) in total peripheral resis-
tance (closed bar) and leg vascular resistance (hatched bar) during systemic hyperinsulinemic eug-
lycemia and saline (control) infusion studies in lean and obese subjects. *p < 0.05, **p < 0.01 and 
not significant (NS) vs baseline. (From ref. 30)
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increases contractility of heart muscle. Taken together, these data indicate that insu-
lin has a direct effect on the heart to increase cardiac stroke volume.

In addition to augmenting stroke volume, insulin increases heart rate. In our 
groups, heart rate did not change at low (~35 μU/mL) levels but increased by 5% 
and 10% at insulin concentrations of about 80 and about 2100  μU/mL, 

Fig. 2.3 (continued)
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respectively (Fig. 2.3b). Thus, our data indicate that insulin increases heart rate in 
a dose- dependent fashion. Increments in heart rate in response to hyperinsulinemia 
were also found by others [9, 10, 32] but not by all [31]. The reason for the dis-
crepancy is not clear, but differences in volume status or position during the study 
may explain in part the different observations. Whether the increase in heart rate 
is a direct insulin effect or whether it is mediated by activation of the SNS is not 
known. Nevertheless, the increase in SNS activity likely represents normal physi-
ology to maintain blood pressure [33, 34] and secure delivery of nutrients to 
the tissue.

As a result of the rise in heart rate and stroke volume in response to insulin, car-
diac output upsurges. In our study groups, cardiac output increased by about 6%, 
12%, and 26% in response to insulin concentrations of about 35, 80, and 2100 μU/
mL (Fig. 2.3c). In support of our data, Ter Maaten and colleagues found about a 9% 
increase in cardiac output with insulin concentrations of about 50 μU/mL [31]. 
Moreover, Fugman and associates’ study replicated most of the above findings in a 
more recent study [35], demonstrating increased cardiac output in response to high 
physiological levels of insulin. These insulin effects are not only of academic inter-
est but also may have implications under conditions in which cardiac output needs 
to be augmented. For example, insulin’s effect of increasing cardiac output has been 
used to improve severe heart failure in patients undergoing cardiac surgery who 
were unresponsive to catecholamines and vasodilators [36].

Over the last 15 years, there were no relevant new studies in the literature regard-
ing insulin’s hemodynamic effects on the heart, but there is current interest in insu-
lin receptor signaling in the maintenance cardiomyocyte health and in models of 
cardiomyopathy.

 Insulin’s Effects on the Sympathetic/Parasympathetic 
Nervous System

Insulin had been shown to increase SNSA years before its vasodilator action was 
appreciated [37]. Systemic insulin infusion causes a dose-dependent rise in NE lev-
els. In one study [6], NE levels in response to insulin increased from 199 ± 19 pg/
mL under basal conditions to 258 ± 25 and 285 ± 95 pg/mL at insulin concentra-
tions of 72 ± 8 μU/mL and 144 ± 13 μU/mL, respectively. In the same study, skeletal 
muscle SNSA measured by microneurography exhibited an even more impressive 
rise in response to insulin. Microneurography allows to measure frequency and 
amplitude of electric activity directly at the level of sympathetic nerve fibers. 
Determined by microneurography, SNSA increased from baseline of about 380 U to 
about 600 U and about 750 U in response to euglycemic hyperinsulinemia. Similar 
differences between the methods to assess changes in SNSA have been found by 
others [38], suggesting that plasma NE levels may underestimate the true effect of 
insulin to stimulate SNSA.
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Interestingly, insulin modulates SNSA in a non-uniform manner. Van De Borne 
and colleagues [39] studied the effect of insulin on skeletal muscle SNSA with 
microneurography. The effect of hyperinsulinemia on cardiac SNSA and parasym-
pathetic tone was assessed by power spectral analysis of the decrease in R–R inter-
val. Power spectral analysis allows one to distinguish between low-frequency and 
high-frequency components of the changes in R–R intervals. The high-frequency 
component is thought to reflect parasympathetic nervous system activity (PNSA; 
vagal tone) whereas the low-frequency component reflects SNSA.  Additionally, 
systemic infusion of the B-blocker propranolol allows to distinguish the contribu-
tion of the PNS and the SNS on the R–R interval variability.

In response to hyperinsulinemia (84 ± 5 U/mL), skeletal muscle SNSA increased 
more than twofold. In contrast, the SNSA effect on the reduction in R–R interval 
and variability in response to hyperinsulinemia was relatively small. This observa-
tion suggests that insulin’s effect on the SNSA may be targeted specifically toward 
skeletal muscle, the place of insulin’s metabolic action. Interestingly, the increase in 
skeletal muscle SNSA may delay insulin’s vasodilator action [40].

The mechanism(s) for the increments in SNSA during hyperinsulinemia are not 
well understood. It may be mediated via the baroreceptor reflex to counteract insu-
lin’s vasodilator action or may represent a direct insulin effect on the central ner-
vous system. Moreover, coupling of insulin’s effects on the SNS and its effect to 
increase glucose uptake/metabolism cannot be excluded. Although activation of the 
baroreceptor reflex in response to a decrease in blood pressure causes activation of 
the SNS, it cannot explain all of the observed changes. First, time course of blood- 
pressure decline and SNSA were different [10] and second, the increments in SNSA 
in response to insulin were nearly two times those in response to blood pressure fall 
achieved by nitroglycerin infusion [41]. In support of a direct role of insulin on 
SNSA at the level of the brain, injection of insulin directly into the third ventricle 
has been shown to increase SNSA in rats [42]. This increase in SNSA activity could 
be abolished by generating a lesion in the surrounding the lateroventral portion of 
the third ventricle, a region implicated in sympathetic neural control. Overall, the 
results suggest a direct effect of insulin on the brain to increase SNSA, but other 
mechanisms cannot be excluded.

It has also been demonstrated that insulin modulates PNSA. Unfortunately, no 
biochemical markers of PNSA exist, which can be easily measured in vivo. As men-
tioned above, PNSA is studied by measuring the changes in R–R intervals using 
power spectral analysis. The PNSA (vagal component of heart rate control) is rep-
resented in the high-frequency part of the spectrum.

In 1996, Bellavere and associates [43] reported a decrease in high-frequency 
variability of R–R intervals in response to hyperinsulinemia indicating that PNSA 
decreased. Similar results were obtained by Van De Borne and associates [39] in 
which euglycemic hyperinsulinemia decreased both R–R interval and the high- 
frequency variability of the R–R intervals. Moreover, this insulin-induced reduction 
of both R–R interval and high-frequency variability could not be suppressed by the 
B-blocker propranolol. These data indicate that the reduction in PNSA and not 
increments in SNS were likely responsible for the changes in R–R interval and 
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variability. Furthermore, these data suggest that the effect of hyperinsulinemia on 
cardiac SNSA may be less than originally thought. Taken together, these data sug-
gest that insulin’s effect to stimulate SNSA may be mediated at least in part via a 
direct insulin effect on the brain. Furthermore, hyperinsulinemia appears to reduce 
parasympathetic tone at the level of the heart, which may contribute to the incre-
ments in heart rate.

 Insulin’s Effects on the Kidneys

The effect of euglycemic hyperinsulinemia on renal hemodynamics has not been 
studied by many groups. In one study [44], insulin at levels of about 100 U/mL has 
been reported to increase renal plasma flow by 10 ± 5%. A similar rise in renal 
plasma flow has been reported in response to l-arginine-induced insulin secretion.

Insulin’s effect on electrolyte handling is well established. Insulin has been 
found to cause antinatriuresis [45, 46], antikaliuresis, and antiuricosuria in healthy 
volunteers. The antinatriuresis is achieved via a decrease in fractional sodium excre-
tion. Fractional sodium excretion fell by 20–30% in response to euglycemic hyper-
insulinemia with insulin levels of 50–60 μU/mL, well in the physiological range. 
Reductions in potassium and uric acid excretion in response to insulin were of simi-
lar magnitude [42]. Based on animal studies [47], it was thought that insulin exerts 
the antinatriuretic effect at the level of the distal tubule in which the highest density 
of insulin receptors is found, but it may be that the proximal tubule is the more 
likely site of insulin’s antinatriuretic action in humans [48]. The mechanism of the 
antikaliuretic and antiuricoretic effects of insulin is less well elucidated.

 Insulin’s Effect on Blood Pressure and Vascular Resistance

Insulin’s effect on skeletal muscle vasculature, stroke volume, heart rate, cardiac 
output, SNS, and renal sodium handling can affect blood pressure. Blood pressure 
is determined by cardiac output and total peripheral resistance (TPR). In other 
words, blood pressure in response to insulin may increase, stay unchanged, or 
decrease dependent on the changes in cardiac output and resistance. In lean, insulin- 
sensitive subjects, insulin causes a small but significant fall in blood pressure. In our 
study [30], hyperinsulinemia in the low (35 ± 4 μU/mL) and high (72 ± 6 μU/mL) 
physiological range caused about a 5% drop in mean arterial pressure (MAP), and 
supraphysiological insulin concentrations (2100  ±  325  μU/mL) were associated 
with about a 10% fall in MAP (Fig. 2.3d). However, although a drop in MAP has 
been reported by many groups, it has not been observed in all studies; MAP 
remained unchanged in a study reported by Scherrer [12] and even increased by 
nearly 7 mmHg in another study [31]. The reasons for the different effects of eugly-
cemic hyperinsulinemia on blood pressure are not clear.
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The decrease in MAP in light of increased cardiac output indicates [29] a fall in 
TPR. In fact, TPR decreased in a dose-dependent fashion by 11.1 ± 2.2, 15.0 ± 4.7, 
and 26.0 ± 6.0% at insulin concentrations of 35 ± 4, 72 ± 6, and 2100 ± 325 μU/mL, 
respectively (Fig. 2.3e). A similar decrease in TPR with comparable levels of hyper-
insulinemia was also observed by Fugman and associates [35]. Even more impressive 
than the fall in TPR was the drop in leg vascular resistance (LVR) LVR decreased by 
nearly 45% at an insulin concentration of 35 ± 4 μU/mL (Fig. 2.3e). Higher prevailing 
insulin levels did not result in further decrements in LVR. Similar decrements in resis-
tance have been observed by Anderson in the forearm [10, 49] and by Vollenweider in 
the calf [38]. However, in one study [31] in which both blood pressure and forearm 
blood flow increased, no changes in vascular resistance were detected.

 Metabolic Implications of Insulin’s Vascular Effects

Our lab has long championed the idea that insulin’s vascular effects may contribute 
to the rate at which glucose is taken up by skeletal muscle, which represents the 
majority of insulin-sensitive tissues. In other words, insulin’s vascular effects may 
determine, at least in part, insulin sensitivity and impairment of insulin’s vascular 
effects may result in insulin resistance.

In support of this idea, we found that insulin’s effect to increase skeletal muscle 
blood flow and cardiac output is positively and strongly associated with the rates of 
glucose uptake achieved in response to euglycemic hyperinsulinemia. In two stud-
ies [30, 50] performed nearly 5 years apart, the correlation coefficients between leg 
blood-flow increments and whole-body glucose uptake were 0.63 and 0.56, indicat-
ing that blood flow achieved during euglycemic hyperinsulinemia explains one- 
quarter to one-third of the variation in insulin sensitivity. Similarly, Ter Maaten and 
associates [31] found that the correlation coefficient between percent increments in 
leg blood flow and insulin sensitivity index was 0.88, again suggesting that insulin’s 
effect to augment blood flow contributes to rates of glucose uptake. Furthermore, 
cardiac output or changes in cardiac output in response euglycemic hyperinsu-
linemia also correlated significantly albeit not as strongly as leg blood flow with 
rates of whole-body glucose uptake [30, 31]. Finally, the similar time courses [9] of 
insulin-mediated vasodilation and insulin-mediated glucose uptake suggest that 
metabolic and vascular actions of insulin might be coupled.

Taken together, these data suggest but do not prove that insulin’s effects on 
metabolism and the vascular system are coupled. To test our hypothesis more rig-
idly, we assessed the effect of leg blood flow changes on leg glucose uptake. In one 
set of studies [50], we increased leg blood flow from 0.32  ±  0.12  L/min during 
euglycemic hyperinsulinemia to 0.60 ± 0.12 L/min (p < 0.05) by administering an 
intrafemoral artery infusion of the endothelium-dependent vasodilator MCh. As a 
result of the blood-flow increments, leg glucose uptake increased from 87.6 ± 13.4 
to 129.4 ± 21.8 mg/min (p < 0.05). In a second set of studies [51], we decreased leg 
blood flow during euglycemic hyperinsulinemia by nearly 50% via an intrafemoral 
artery infusion of the NO synthase inhibitor l-NMMA. The fall in leg blood flow 
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Fig. 2.4 Leg glucose uptake under basal conditions (basal), in response to 4  h of euglycemic 
hyperinsulinemia alone (insulin) and with superimposed intrafemoral artery infusion of l-NMMA 
(insulin + l-NMMA). (From ref. 51)

induced by l-NMMA caused leg glucose uptake to decrease from 114  ±  18 to 
85 ± 13 mg/min (p < 0.05) representing about a 25% reduction of glucose uptake 
(Fig. 2.4), well in line with what had been predicted according to the experimentally 
defined correlation coefficients. In a third series of studies, we examined whether 
rates of skeletal muscle glucose uptake in response to changes in leg blood flow fol-
lowed a noncapillary recruitment model as proposed by Renkin or whether changes 
in glucose uptake were dependent on capillary recruitment. The results of this study 
revealed that leg glucose uptake in response to pharmacological manipulation of 
blood flow was different than predicted by the Renkin model indicating that capil-
lary recruitment is important for insulin’s metabolic actions [52]. These findings are 
supported by studies of Bonadonna and associates [53] who looked at forearm glu-
cose uptake using multiple tracer technique and Rattigan and associates [54] who 
measured glucose uptake in the isolated rat hindlimb. And Coggins and associates 
[55], using CEU, provided more direct evidence for insulin’s effect to recruit skel-
etal muscle capillaries in men. Together, these data provide strong evidence that 
insulin’s vascular effects relate to its metabolic effects and that this metabolic effect 
is mediated by capillary recruitment.

The above-discussed effects of insulin on the vascular system are also observed in 
response to meals [56]. Depending on the amount of carbohydrate or fat ingested and 
the circulating insulin levels achieved, heart rate, stroke volume, skeletal muscle 
blood flow, and SNSA increase substantially, indicating that this coordinated cardio-
vascular response occurs under physiological conditions and may be necessary to 
maintain both metabolic and hemodynamic homeostasis. Postprandial hypotension, 
which is frequently observed in the elderly, may be a result of insufficient increments 
in heart rate and/or stroke volume to compensate for insulin’s vasodilator effect.
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 Interactions Between Insulin and Norepinephrine 
and Angiotensin II

Because elevated insulin levels were associated with higher rates of hypertension, it 
was hypothesized that insulin might augment the action of vasoconstrictor hor-
mones such as NE or angiotensin II. Indeed, earlier studies [32, 37] reported that 
exogenous insulin enhanced the blood-pressure response to NE. About a 20% and 
40% reduction of the NE concentrations required to rise diastolic blood pressure by 
20 mmHg was reported after 1 and 6 h of euglycemic hyperinsulinemia. In contrast 
to this finding, we [57] observed that euglycemic hyperinsulinemia caused a right 
shift in the response to graded systemic infusions of NE. The reason(s) for the dis-
crepant findings are not clear but are likely a result of differences in study protocol 
and the method by which blood pressure was determined (intra-arterial vs. cuff). 
Nevertheless, our data suggest that insulin attenuates vascular responsiveness to 
NE. In support of this notion, Sakai and associates [58] reported that an intra- arterial 
infusion of insulin attenuated the vasoconstrictor response to NE by nearly 50%. 
Moreover, Lembo and coworkers also demonstrated that that insulin augmented 
beta-adrenergic vasodilation in response to isoproterenol and attenuated a- adrenergic 
vasoconstriction [49]. Furthermore, this insulin action was blocked by l-NMMA 
and inhibitor of NO synthase. These results indicate that insulin’s modulatory effect 
on adrenergic response is mediated via the release of NO.

The effect of hyperinsulinemia on blood-pressure response to angiotensin II has 
been studied by a number of groups [32, 59, 60]. Insulin does not augment nor 
attenuate the blood pressure response to systemic angiotensin II infusion. However, 
Sakai and associates [48] demonstrated that insulin, when directly infused into a 
vessel, may modulate the vasoconstrictor response to angiotensin II. In their study, 
the direct intrabrachial artery infusion of insulin caused a more than 50% attenua-
tion of the forearm blood-flow response to angiotensin II.

Insulin modulates the response to vasopressor hormones such as NE, vasopres-
sin, and angiotensin II not only at the level of the vascular endothelium but also 
directly at the level of the vascular smooth muscle cell independent of the endothe-
lium. Insulin attenuates agonist-evoked calcium transients [61] resulting in 
decreased vascular smooth muscle contractions. Whether this insulin effect at the 
level of the vascular smooth muscle can be explained by its effect on shared signal-
ing pathways as described with angiotensin-1 [62] or by a different mechanism 
remains to be clarified. It is clear, however that an imbalance between insulin’s 
vasorelaxant effects and other vasoconstrictor hormones may result in the acceler-
ated development of blood-pressure elevation and macrovascular disease. 
Interestingly, blood-pressure elevation by systemic administration of NE [57] or 
angiotensin II [59, 63, 64] failed to decrease rates of insulin-mediated glucose 
uptake and induce insulin resistance. To the contrary and somewhat unexpectedly, 
the blood-pressure elevation increased rates of insulin-mediated glucose uptake. 
The reason for this unexpected finding was most likely that limb blood flow 
increased which allowed for the higher delivery rates of substrate, glucose, and 
insulin and, thus, augmented skeletal muscle glucose uptake.
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 Interactions Between Insulin and Adipocytokines

Adipose tissue has been shown to release a number of hormones that may interact 
with the vasculature. Leptin, a hormone secreted from the adipocyte, causes not 
only the release of NO from endothelial cells and but also augments insulin’s effect 
to release NO [65]. Furthermore, adiponectin, another adipocyte-derived hormone, 
has been shown to cause the release of NO from endothelial cells [66]. Finally, 
interleukin-6, released from intra-abdominal fat cells may decrease in endothelial 
NO production via increasing C-reactive protein [67] or via decreasing adiponectin 
secretion [68].

 Pathophysiology: The Metabolic Syndrome

The metabolic syndrome which is also called “syndrome X” describes the cluster-
ing of a number of metabolic and hemodynamic abnormalities commonly seen in 
obesity and diabetes. More important, the metabolic syndrome is an independent 
risk factor for CVD. Syndrome X [69, 70] is associated with resistance to insulin- 
mediated glucose uptake, glucose intolerance, hyperinsulinemia, increased very 
low-density lipoprotein triglyceride, decreased high-density lipoprotein cholesterol, 
increased plasminogen activator inhibitor-1, and hypertension. Because classic risk 
factors account for only about 50% of the increased rates of cardiovascular morbid-
ity and mortality associated with obesity and type 2 diabetes [71], other factors must 
play a role. One way to probe for potential candidates that might contribute to the 
higher rate of hypertension and the accelerated atherosclerotic process in insulin 
resistance is to evaluate the effect of obesity, hypertension, and type 2 diabetes on 
insulin’s vascular effects.

 The Metabolic Syndrome and Insulin’s Effects on Skeletal 
Muscle Blood Flow

The effect of obesity, hypertension, and diabetes on insulin’s vascular effects has 
been studied by a number of groups including our own. We [72] have demonstrated 
that obesity causes a left shift in the response to insulin’s vasodilatory effect 
(Fig. 2.1); the dose that achieves half-maximal effect (ED) 50 for insulin’s effect to 
increase skeletal muscle blood flow in the obese was nearly four times (~160 μU/
mL) that of the lean (~45 μU/mL). Impaired insulin-mediated vasodilation in the 
obese was confirmed by Vollenweider and associates [73] who report about an 8% 
increment in calf blood flow in response to 2 h of euglycemic hyperinsulinemia in 
obese subjects, which is in stark contrast to the 30% increment achieved in the lean 
subjects.
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Arterial stiffness is decreased in type 2 DM [74] and the effect of insulin to 
reduce arterial stiffness is impaired in obesity; Westerbacka [11] and colleagues 
demonstrated that in contrast to lean controls, arterial stiffness did not change in 
response to hyperinsulinemia with insulin levels of about 70 μU/mL and decreased 
only slightly in response to insulin levels of about 160 μU/mL.

Type 2 DM was associated with even more pronounced impairment of insulin- 
mediated vasodilation. In our study [72], only supraphysiological hyperinsulinemia 
(~2000 μU/mL) achieved about a 33% rise in blood flow and the limitation in flow 
increments could not be overcome by higher insulin concentrations (Fig. 2.1).

Because insulin-mediated vasodilation depends on NO and is impaired in obe-
sity and type 2 DM, we studied whether this impairment results from defective 
endothelial function or whether or defective NO activity. To this end, we generated 
dose–response curves for the leg blood-flow response to the endothelium-dependent 
vasodilator MCh and to the endothelium-independent vasodilator SNP. Leg blood 
flow in response to methacholine increased threefold in the lean but only twofold in 
both obese and type 2 diabetics (Fig. 2.5). In contrast, the leg blood-flow response 
to SNP did not differ between lean, obese and type 2 diabetics. Resistance to leg 
blood-flow increments in response to the endothelium-dependent vasodilator brady-
kinin has also been reported in obesity [76], thus, supporting our data that NO pro-
duction is impaired.
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Fig. 2.5 Percent change (%∆) from baseline in leg blood flow (LBF) in response to graded intra-
femoral artery infusions of the endothelium-dependent vasodilator methacholine chloride in 
groups of lean (open circle), obese (filled circle), and obese type 2 diabetic (filled triangle) sub-
jects. (From ref. 75)
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In addition to obesity and type 2 diabetes, elevated blood-pressure levels are 
associated with impaired insulin-mediated vasodilation [77]. Laine and associates 
[76] demonstrated that insulin-stimulated leg blood flow increased by 91% in the 
control subjects but only by 33% in the hypertensive subjects. This is important 
because hypertension has been shown by Forte and associates [78] to be associated 
with significantly decreased rates of NO production. Therefore, it is likely that in 
hypertension, impaired NO production is responsible for the blunted vasodilation in 
response to hyperinsulinemia.

Direct measurements of NO production in the skeletal muscle vasculature of 
obese and type 2 DM subjects, however, have yielded conflicting data. In one pre-
liminary study [75], we measured insulin-induced changes in NO flux rates in sub-
jects exhibiting a wide range of insulin sensitivity. NO flux was calculated by 
multiplying the concentration of nitrite and nitrate times leg blood-flow rates before 
and after 4 h of euglycemic hyperinsulinemia. In this study, NO flux rates more than 
doubled in athletes who exhibited high insulin sensitivity but did not change in dia-
betics who were insulin resistant. However, Avogarro and associates [79], who mea-
sured NO flux rates in the forearm in obese and type 2 diabetic subjects, were unable 
to detect a difference in NO flux between the two groups. The reason for the discrep-
ant observations is not clear, but further research will help to clarify this issue. 
Measurements of whole-body NO production using labeled l-arginine, the precursor 
of NO, revealed lower NO production rates in type 2 diabetics as compared to normal 
subjects [80] provides strong evidence for impaired NO production in type 2 diabetes.

Taking the data together, basal whole-body NO production is decreased in hyper-
tensive and in type 2 diabetic patients, and it is likely that obesity, hypertension, and 
type 2 diabetes exhibit impaired NO production in response to insulin. Because NO 
is not only a potent vasodilator but also possesses a number of antiatherogenic prop-
erties, this defect in NO production could theoretically contribute to the increased 
rate of CVD in insulin-resistant states such as obesity, hypertension, or type 2 
diabetes.

The mechanism(s) of impaired insulin-mediated vasodilation in obesity or type 
2 DM are not known. One of the metabolic abnormalities consistently observed in 
insulin resistance is elevated FFA levels. Elevation of FFA levels also induces insu-
lin resistance, which may be mediated, in part, via impairment of insulin-mediated 
vasodilation. Therefore, we studied the effect of FFA elevation on endothelial func-
tion in lean, insulin-sensitive subjects. The results of this study indicated that mod-
erate two- or threefold elevation of FFA levels sustained for 2  h, achieved by 
systemic infusion of Intralipid plus heparin, blunted the response to the endothelium- 
dependent vasodilator MCh (Fig. 2.6) but not to the endothelium-independent vaso-
dilator SNP [81]. Similar results were reported by de Kreutzenberg and colleagues, 
who measured forearm vascular responses to before and after elevation of FFA [82]. 
Interestingly, the postischemic flow response was also impaired by FFA elevation 
[74]. Importantly, elevation of triglyceride levels without inducing insulin resis-
tance may not impair vascular function which is suggested by studies of patients 
with low lipoprotein lipase activity who exhibit normal endothelial function [83] 
despite markedly elevated triglyceride levels.
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Fig. 2.6 Leg blood flow increments from baseline (%∆) in response to graded intrafemoral artery 
infusion of methacholine chloride during infusion of saline (open squares) or during 20% fat intra-
lipd emulsion (closed squares) combined with heparin designed to increase systemic circulating 
free fatty acid levels two- or threefold. (From ref. 81)

To further investigate the relation among elevated FFA levels, insulin sensitivity, 
and insulin-induced vasodilation, we investigated the time-course effect of FFA 
elevation on insulin-mediated increments in blood flow. Between 4 and 8 h, but not 
as few as 2  h of FFA elevation reduced insulin-mediated vasodilation [84]. 
Furthermore, increments in NO flux in response to euglycemic hyperinsulinemia 
were nearly completely abrogated by superimposed FFA elevation. This effect on 
insulin-induced vasodilation was only observed when FFA elevation also caused 
insulin resistance. These data indicate that insulin-mediated vasodilation is coupled 
with insulin’s effect on glucose uptake. In contrast, muscarinergic-agonist-induced 
endothelium-dependent vasodilation appears to be regulated by other mechanisms 
as this signaling pathway can be disrupted by FFA elevations as short as 2 h [81]. 
Indirect evidence for this proposed effect of FFA elevation on insulin-mediated 
vasodilation comes from muscle biopsy studies in response to hyperinsulinemic 
euglycemia with and without superimposed FFA elevation [85]. Dresner and col-
leagues [85] demonstrated that insulin resistance induced by FFA elevation was 
associated with decreased PI3K activity in skeletal muscle. Therefore, if insulin- 
signaling pathways are shared in endothelial cells and skeletal muscle, one may 
expect impaired insulin signaling in the endothelial cells in response to euglycemic 

A. S. Sallar and H. O. Steinberg



33

hyperinsulinemia with superimposed FFA elevation. Other support of the negative 
effect of elevated FFA levels on endothelial NO production comes from in vitro 
studies that demonstrated a dose-dependent effect of oleic acid to impair NO release 
from cultured endothelial cells [86] and an attenuated the aortic strip relaxation in 
response to acetylcholine [87].

Additional mechanisms by which FFA may impair endothelial function include 
increased plasma levels of asymmetric dimethyl-l-arginine (ADMA) and/or 
increased endothelin action [88]. Lundman and associates [89] demonstrated that 
acute elevation of triglyceride (and likely elevated FFA) levels achieved by systemic 
infusion of a triglyceride emulsion was associated with elevation of ADMA levels 
and decreased flow-mediated vasodilation. Similarly, Fard and associates [90] 
showed that a high fat meal given to diabetic subjects resulted in increased plasma 
ADMA levels and impaired flow-mediated vasodilation.

Endothelin levels have been shown to increase in response to FFA elevation. 
Because elevated FFA levels are a hallmark of obesity and type 2 diabetes mellitus, 
Cardillo and associates [91] and Mather and associates [92] infused an inhibitor of 
endothelin, BQ 123 (a specific inhibitor of the endothelin-1-A receptor) directly 
into the brachial and femoral artery, respectively. Both studies revealed more pro-
nounced vasodilation in response to BQ123 in the obese and diabetic subjects, indi-
cating a higher endothelin-dependent tone in the insulin-resistant subjects. In 
addition, one study looking at vastus lateralis muscle biopsies showed reduced 
eNOS content and activity in type 2 diabetic subjects while endothelin-1 peptide 
and mRNA were higher [93]. Additionally, endothelin secretion may increase in 
response hyperinsulinemia and contribute to the impaired vasodilation observed in 
insulin-resistant states [94]. Results from studies in rats [95] have demonstrated that 
myeloperoxidase may also impaired vascular function in insulin resistance.

Taken together, these findings from in vivo and in vitro studies strongly suggest 
role of elevated FFA levels to impair endothelial function and decrease the rates of 
NO release, increase endothelin action, and increase vascular response to adrener-
gic stimulation.

 The Metabolic Syndrome and Insulin’s Effects on the Heart

Before discussing the effect of insulin on heart rate in insulin-resistant obese and 
diabetic subjects, two points should be made: first, basal heart rate and cardiac out-
put [96] in obese and diabetic subjects is almost always increased as compared to 
lean subjects; second, heart function in diabetes may be abnormal as a result of 
autonomic neuropathy and third, since the heart is an on-demand pump, lesser 
increments in insulin’s metabolic actions may be associated with a reduced need to 
supply tissues with additional oxygen and nutrients. Thus, the data have to be inter-
preted with caution especially when comparing relative changes between insulin- 
sensitive and insulin-resistant groups.
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The effect of insulin resistance on insulin-induced change in stroke volume has 
received little attention. Stroke volume did not change in our group of obese sub-
jects (Fig. 2.3a) exposed to insulin concentrations of about 90 μU/mL. However, we 
may have failed to detect a less than 5% increase in stroke volume because of small 
group size. Muscelli and associates [97], however, report a near 10% rise in stroke 
volume at insulin concentrations of about 120 μU/mL. The reason for the different 
results is not clear. Groups were comparable regarding body mass index or blood 
pressure. However, Muscelli and associates [97] used two-dimensional echocar-
diography, whereas we used dye dilution technique to determine stroke volume. 
Thus, the discrepant results may be explained, at least in part, by different sensitivi-
ties of the methods by which cardiac output was determined.

We did not observe a change in heart rate in response to hyperinsulinemia about 
90 μU/mL in our obese subjects (Fig. 2.3b). In contrast to our findings, Vollenweider 
and associates detected about a 10% increase in heart rate in obese subjects with 
insulin levels comparable to our study (~100 μU/mL). Heart rate was also found to 
rise in a dose-dependent fashion in response to hyperinsulinemia [98] in type 2 
diabetics.

Because stroke volume and heart rate did not change in our obese group 
(Fig. 2.3c), cardiac output did not change either. However, other studies report a 
significant 15% increment in cardiac output in obese subjects [97]. In type 2 diabe-
tes, data on changes in cardiac output in response to hyperinsulinemia are not avail-
able. Nevertheless, because heart rate has been reported to increase in diabetics in 
response to hyperinsulinemia, it is reasonable to assume that cardiac output may 
increase as well. Taken together, the observations suggest that insulin’s stimulatory 
effect on stroke volume, heart rate, and cardiac output may be intact in obese and 
type 2 diabetic subjects.

Insulin’s action on the heart may extend well beyond modulation of hemody-
namics. Cardiomyocytes possess insulin receptors which are important in postnatal 
development of the heart [99]. It is not known whether impaired insulin receptor 
signaling in the cardiomyocyte plays a role in the increased incidence of left ven-
tricular hypertrophy and congestive heart failure which is often observed in obesity 
and diabetes. It may be of interest, however, that obesity and insulin resistance 
appear to be associated with a higher incidence of heart failure with preserved ejec-
tion fraction as compared to lean and more insulin-sensitive subjects in population 
studies [100].

 The Metabolic Syndrome and Insulin’s Effects 
on the Sympathetic/Parasympathetic Nervous System

When assessing the SNSA by measuring NE, no differences were detected between 
lean and obese subjects [38, 101, 102]. Tack and colleagues used tritiated NE com-
bined with forearm blood-flow measurements to assess the effect of hyperinsu-
linemia on SNSA in the forearm of lean type 2 diabetic and controls; in response to 
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insulin, arterial and venous NE concentrations increased in both groups. For exam-
ple, 45 min of hyperinsulinemia caused arterial NE levels to increase by 63.8 ± 14.1% 
and 41.3 ± 9.1% in diabetic and control subjects, respectively. In both groups, the 
rise in NE concentration was as a result of higher rates of total body and forearm NE 
spillover which were comparable between the diabetic and controls. Unfortunately, 
no obese subjects were studied, which would have allowed to distinguish the effects 
of diabetes (hyperglycemia) from those of obesity.

When measured by microneurography, basal skeletal muscle SNSA was found to 
be elevated more than twofold in obesity [101–103]. In response to euglycemic 
hyperinsulinemia, SNSA increased significantly [38]. Although the relative rise in 
SNSA was blunted in the obese subjects, the absolute levels of SNSA achieved dur-
ing hyperinsulinemia were comparable between lean and obese subjects. These data 
suggest that SNSA is nearly maximally stimulated in obese insulin-resistant sub-
jects and that added hyperinsulinemia is unable to increase SNSA above levels 
achieved in lean controls. SNSA appears to be abnormal in the states of metabolic 
syndrome, the prediabetic state [104, 105], and diabetes [106]. For example, 
Dell’Oro and colleagues [104] report 30–40% greater MSNA values in middle-aged 
prediabetic subjects when compared to matched control irrespective of being 
expressed as burst incidence over time or when corrected for heart rate. In addition, 
this neurogenic abnormality was associated with a 30–40% reduced spontaneous 
baroreflex MSNA sensitivity. Furthermore, in a multivariate analysis, MSNA values 
were directly and significantly related to HOMA index and inversely and signifi-
cantly to baroreflex–MSNA sensitivity in the prediabetic group (Fig. 2.7).

Only two groups have thus far studied the effect of the metabolic syndrome on 
PNSA. Unfortunately, the results are somewhat contradictory. Muscelli and associ-
ates [107] report an increase in the low-frequency/high-frequency (LF/HF) ratio in 
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response to euglycemic hyperinsulinemia in lean normal subjects but not in obese 
insulin-resistant subjects. The authors conclude that insulin alters cardiac control by 
enhancing sympathetic outflow and withdrawal of parasympathetic tone. On the 
other hand, Laitinen and associates [108] demonstrate the opposite, an increase in 
the LF/HF in obese insulin-resistant subjects but not in the normal controls.

 The Metabolic Syndrome and Insulin’s Effect on the Kidney

The effect of euglycemic hyperinsulinemia on renal hemodynamics in obesity has 
not been studied. In one study assessing the effect of euglycemic hyperinsulinemia 
on renal function in type 2 diabetes, no differences in estimated renal plasma flow 
were observed. Thus, the scarce data suggest that insulin’s effect on renal blood 
flow is intact in obesity and type 2 diabetes.

Insulin’s effect on electrolyte handling has been well studied in type 2 diabetes 
but data on obesity are not available. The antinatriuretic effect of insulin is well 
preserved in type 2 diabetes. Gans and associates [98] report a fall in fractional 
sodium excretion fell by 43 ± 6% and 57 ± 9% in response to euglycemic hyperin-
sulinemia with insulin levels of 64 ± 12 μU/mL and 1113 ± 218 μU/mL, respec-
tively. Because no control group was available in this study, it is not possible to 
determine whether the antinatriuretic response was normal or exaggerated in type 2 
diabetes. Exaggerated antinatriuresis could lead to volume retention and contribute 
to the development of hypertension.

 The Metabolic Syndrome and Insulin’s Effect on Blood Pressure

Insulin’s effect on the heart, the SNS, and the kidneys appear to be intact in subjects 
with the metabolic syndrome. This is in contrast to the impairment of insulin’s 
effect to vasodilate skeletal muscle vasculature, which contributes to the decrease in 
peripheral vascular resistance during euglycemic hyperinsulinemia. Therefore, 
because the product of cardiac output and vascular resistance determine blood pres-
sure, one might expect euglycemic hyperinsulinemia to result in blood-pressure 
elevation. In our study, acute euglycemic hyperinsulinemia did not alter blood pres-
sure in the obese subjects (Fig. 2.3d). Other groups have reported that blood pres-
sure in response to euglycemic hyperinsulinemia increased [38], decreased [109], or 
remained unchanged [110] in obese and diabetic subjects. Thus, the current data do 
not support the idea that hyperinsulinemia per se is causally related to the blood- 
pressure elevation associated with the metabolic syndrome. Since the publication of 
this chapter in 2005, no dedicated studies to study the effect of insulin on blood 
pressure have been published, but there were a few studies looking at the effect of a 
fatty meal and lipid infusion on blood pressure and endothelial function [111] 
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showing that orally or intravenously administered lipids increased blood pressure 
and impaired endothelium-medicated vasodilation, determined by FMD in the 
forearm.

 The Metabolic Syndrome and Interactions Between Insulin 
and Norepinephrine

Although there is a great interest in the effect of the metabolic syndrome on the 
vascular responses to vasopressors such as NE or angiotensin II, few data are avail-
able in humans. We have demonstrated that the pressure response to systemic infu-
sion of NE is augmented in obesity [57]. At similar NE concentrations, the obese 
subjects exhibited a nearly 50% more pronounced blood pressure rise than the lean 
controls. Furthermore, insulin’s effect to attenuate the pressure response to NE was 
abolished by obesity. In another study (unpublished data), we found that elevation 
of FFA enhanced the blood-pressure response to intra-arterial as well as systemic 
infusion of a selective alpha-one adrenergic agonist while blunting baroreceptor- 
medicated vasodilation in the leg.

The effect of insulin resistance on the pressure response to angiotensin II was 
evaluated by Gaboury and associates [112] in normotensive and hypertensive sub-
jects. In normotensive subjects, no relationship between insulin sensitivity and the 
blood-pressure response to angiotensin II was detected. However, insulin sensitivity 
correlated inversely with the blood-pressure response to angiotensin II in the hyper-
tensive subjects.

Taken together, these data suggest that vascular responses to pressors may be 
increased in insulin resistance, which could contribute to the development of hyper-
tension. The data also indicate that the relationship between insulin resistance and 
pressure responsiveness is not linear and may be modulated by additional factors 
that are poorly understood.

 Interventions to Ameliorate the Effects of the Metabolic 
Syndrome on the Vascular System

If the increased rate of CVD associated with metabolic syndrome is partially medi-
ated via the effects of insulin resistance on the vascular system, amelioration of 
insulin resistance should improve the abnormalities of the vascular system, which 
have been described above. In other words, maneuvers that improve insulin sensitiv-
ity should result in lower blood pressure, decreased heart rate, reduced SNSA, and 
improved endothelial function. Over the last 15 years, additional studies have been 
conducted to assess the effect of improved insulin sensitivity on insulin-mediated 
vasodilation and endothelial function.
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It has been known for a long time that weight loss improves insulin sensitivity 
and lowers blood pressure [113]. Weight loss also decreases heart rate and reduces 
the heightened SNSA [114–116] and improves blunted SNS responsiveness to glu-
cose ingestion [117]. Weight loss has been shown to improve blood flow in adipose 
tissue in some but not all studies [118, 119].

Troglitazone, a thiazolidinedione derivative, has been described to improve insu-
lin sensitivity [120] and lower blood pressure in obese subjects. Furthermore, trogli-
tazone decreased peripheral vascular resistance in diabetics [121], and pioglitazone 
decreased blood pressure in diabetic subjects [122]. Rosiglitazone which is also an 
insulin sensitizer was shown to improve insulin sensitivity, increase blood flow and 
glucose uptake in subjects with newly diagnosed type 2 diabetes [123]; in the same 
study, metformin improved neither insulin sensitivity nor blood flow. These data 
suggest that improvement of insulin sensitivity without changes in body fat content 
ameliorates cardiovascular abnormalities observed with the metabolic syndrome.

Our own findings [124] using 600 mg of troglitazone per day for 3 months in 
obese females suffering from polycystic ovary syndrome suggest a beneficial effect 
of troglitazone on both insulin-mediated vasodilation and the blood-flow responses 
to the endothelium-dependent vasodilator MCh. In contrast to our study, Tack and 
coworkers [125] found no effect of troglitazone (400  mg/day for 8  weeks) on 
insulin- induced blood-flow increments in obese insulin-resistant subjects despite a 
20% improvement in insulin sensitivity. While the above studies represented longer- 
term interventions, an acute infusion of autonomous nervous system blockade with 
trimethaphan [126] improved insulin action in insulin-resistant but not in insulin- 
sensitive subjects. Thus, given the sparse and somewhat contradictory literature 
about the effect of increased insulin sensitivity on insulin-mediated increments in 
blood flow and endothelial function, further studies are required. Nevertheless, 
reduction of insulin resistance leading to improved endothelial and vascular system 
function may result in decreased cardiovascular morbidity and mortality in obese, 
hypertensive, and diabetic subjects.

 Conclusion

Over the last 25 years, it has been established that insulin is a vascular hormone. 
Insulin’s vascular actions extend beyond its effect to increase skeletal muscle blood 
flow and glucose uptake. Current data suggest that insulin modulates vascular tone 
and vascular smooth muscle cell proliferation and migration via the release of NO 
and other yet unidentified mechanisms (Fig. 2.8). Thus, insulin’s effects on the vas-
cular system may be important to prevent or delay the progression of CVD. The 
metabolic syndrome affects the vascular system at multiple levels. Resistance to the 
vascular actions of insulin may explain, at least in part, the abnormalities associated 
with the metabolic syndrome. The altered state of the vascular system in metabolic 
syndrome may contribute to higher rates of hypertension and macrovascular dis-
ease. States of insulin resistance that occur naturally or due to an intervention are 
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Fig. 2.8 Schema of classic and non-classic insulin action on different targets to enhance insulin 
delivery and glucose uptake

almost always associated with impaired endothelium-dependent vasodilation. 
However, the opposite that impaired endothelial function induces insulin resistance, 
is not the case [127]. Future research assessing the interaction between insulin’s 
effect on the vasculature and newly discovered adipocytokines and other vasoactive 
hormones will better define the pathophysiological abnormalities underlying 
insulin- resistant states and help design therapies to improve endothelial function 
and reverse the accelerated atherosclerotic process.
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Chapter 3
Effects of Diabetes and Insulin Resistance 
on Endothelial Functions

Jialin Fu, Marc Gregory Yu, Qian Li, Kyoungmin Park, and George L. King

 Introduction

Cardiovascular (CV) complications are the primary cause of mortality and morbid-
ity in patients with Type 1 (T1D) and Type 2 diabetes (T2D), which affect a variety 
of tissues and organs including the retina, myocardium, nerves, skin, and kidney 
[1–4]. Complications including coronary artery disease (CAD), hyperglycemic cri-
ses, stroke, amputations, and end-stage renal disease (ESRD) have all declined sub-
stantially in the past two decades in the United States, with the improvement of 
diabetes care, risk factor control, and medical treatment. Recently, in the National 
Health and Nutrition Examination Survey (NHANES), CV mortality was not found 
to be significantly different in diabetic and nondiabetic patients from 2005 to 2010, 
whereas there was a significantly higher rate of CV death in the former group during 
previous years [5]. However, despite this recent remarkable decline in CV morbid-
ity and mortality rates, the prevalence of diabetes continues to increase over the 
years, remaining a large public health burden, and thus studies on CV complications 
remain necessary as ever [6, 7]. The risk of CAD increases with diabetes duration, 
reflecting an effect of the aging process, and more than half of overall mortality in 
diabetic patients is related to cardiovascular disease (CVD). Additionally, the inci-
dence of CVD is two to four times higher in diabetic patients than in the general 
population [8, 9]. In T2D patients, CV complications develop, on average, 14.6 years 
earlier than in individuals without diabetes, with more severe clinical outcomes [10, 
11]. Many studies have shown that this is particularly true in women [2, 12]. 
Furthermore, several studies have shown that insulin-treated T2D patients have a 
higher CAD risk than those who were not on insulin, suggesting that disease 
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severity, loss of islet cell function, or exogenous insulin treatment may all have an 
impact on CAD. On the other hand, for patients with T1D who were followed for 
20–40 years, CAD mortality between the ages of 30 and 55 years was 33%, com-
pared to only 8% of men and 4% of women in the nondiabetic population [13]. 
Similarly, unlike the general population, the CAD risks in T1D patients are similar 
in men and women and increase at the same rate after the age of 30.

The influence of diabetes on CVD is synergistic, with many contributory factors 
such as age, hyperglycemia, hyperlipidemia, hypertension, nephropathy (DN), obe-
sity or sedentary lifestyle, altered coagulation, hyperinsulinemia and insulin resis-
tance, and smoking. Additionally, diabetes itself is also an independent risk factor 
[2, 14–16]. Although the increase in CV mortality probably has several causes, one 
of the most important and most widely studied is hyperglycemia. Glycemic control 
has been applied for many years in diabetes care and has contributed to the reduc-
tion of diabetes complications. This is well supported by both the Diabetes Control 
and Complications Trial (DCCT) and the United Kingdom Prospective Diabetes 
Study (UKPDS). The DCCT has clearly established that intensive glycemic therapy 
in T1D patients reduced both macrovascular [17, 18] and microvascular complica-
tions such as retinopathy (DR), DN, and neuropathy [19, 20]. In the UKPDS [4, 21], 
intensive glucose control in T2D was associated with a 12% reduction in the risk of 
pooled macrovascular and microvascular events. However, in other T2D studies 
including ACCORD (Action to Control Cardiovascular Risk in Diabetes) [22], 
ADVANCE (Action in Diabetes and Vascular Disease), VADT (Veterans 
Administration Diabetes Trial), BARI 2D (Bypass Angioplasty Revascularization 
Investigation 2 Diabetes Trial), and ORIGIN (Outcome Reduction with an Initial 
Glargine Intervention Trial) [23], intensive glucose control did not reduce macro-
vascular complications in older patients with long-standing T2D and either CVD or 
risk factors for CVD, while the progression of microvascular complications such as 
DN and DR were significantly ameliorated by glycemic control. These results sug-
gest that while glycemic control can increase the survival of diabetic patients, lon-
gitudinal studies, especially in T2D, have not strongly supported its role in 
decreasing CVD events [22, 24]. These studies suggest other mechanisms and risk 
factors, aside than hyperglycemia, that could be associated with the acceleration of 
CV pathologies in people with diabetes, including insulin resistance, dyslipidemia, 
inflammation, reactive oxygen species, endothelial dysfunction, hypercoagulability, 
and vascular calcification.

The second major CV risk factor for patients with diabetes or glucose intolerance 
is hyperinsulinemia, which is related to insulin resistance in many tissues including 
the vascular tissues [25]. There has been a great deal of discussion about the effects 
of hyperinsulinemia and insulin resistance on the development of CVD [26, 27]. 
However, the recent ORIGIN and DEVOTE (A Trial Comparing Cardiovascular 
Safety of Insulin Degludec Versus Insulin Glargine in Patients With Type 2 Diabetes 
at High Risk of Cardiovascular Events) trials did not report any increases in CVD 
risk and mortality with exogenous hyperinsulinemia [23, 28]. These studies suggest 
that endogenous, rather than exogenous, hyperinsulinemia may be related to 
increased CVD risk in diabetes [29]. In addition, other cohorts have reported that 
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Table 3.1 Alterations of cell numbers observed in various vascular tissues in diabetes

Retina Glomeruli Macrovessels Myocardium

Endothelial cells ↑ ↓ ↓ ↓
Contractile cells ↓ ↓ ↑ ↓
Epithelial cells ↓

proinsulin and C-peptide may contribute to CVD risk, which are mechanisms dif-
ficult to separate from insulin resistance [30–33]. A substantial body of evidence 
suggests that the relationship between insulin resistance and CVD may be associ-
ated not only with insulin sensitivity but also with hypertension and endothelial 
function [27, 34–37]. In this chapter, we will first review the role of insulin resis-
tance, hyperglycemia, and hyperlipidemia in the vasculature, and then describe cel-
lular and functional abnormalities in endothelial cells in the presence of insulin 
resistance and diabetes.

In summary, all complications of diabetes are the final results of systemic dys-
metabolites such as hyperglycemia, genetic/epigenetic factors, and local/tissue 
responses to systemic changes. Most studies have focused on the effects of systemic 
factors and genetic contributions. However, specific tissue responses or local factors 
to systemic changes, such as dyslipidemia, pathologic oxidation and glycation, and 
inflammation are also contributors to CVD in diabetic patients [19, 38]. The impor-
tance of tissue-specific responses is clearly demonstrated by differences in vascular 
cell changes in the retina, renal glomeruli, and arteries with diabetes (Table 3.1). In 
the retina, the number of endothelial cells appears to be increased, as exemplified by 
the formation of microaneurysms and neovascularization [39]. In contrast, endothe-
lial cells in macrovessels are injured, as shown by pathological studies leading to 
the initiation and acceleration of the atherosclerotic process [40, 41]. Furthermore, 
poor collateral circulation in areas of ischemia in the myocardium and lower 
extremities may be responsible for the high prevalence of myocardial ischemia and 
loss of lower limbs in diabetes. Finally, the tissue-discordant response to diabetes is 
also exemplified by the finding of hypertrophy or proliferation of arterial smooth 
muscle cells (contractile cells), as noted in the high rates of restenosis and the dra-
matic increases of pericyte apoptosis in the capillaries—a dramatic hallmark of DR.

 Insulin Resistance

Hyperinsulinemia and insulin resistance have been shown to increase atherosclero-
sis and CVD risk in diabetes. Likewise, they are important risk factors in the devel-
opment of hypertension, not only in diabetes but also in the general population. The 
mechanism by which hyperinsulinemia or insulin resistance increases atherosclero-
sis risk is still unclear. It has been suggested that insulin has direct effects on arterial 
walls and accelerates the progression of atherosclerosis [42–45]. However, In apo-
lipoprotein E knockout (ApoE−/−) mice, exogenously induced hyperinsulinemia 
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with implanted insulin pellets, which mimicked exogenous insulin treatment in dia-
betic patients, decreased atherosclerosis not only by improving lipid profile through 
its actions on the liver, but also by significantly lowering inflammatory cytokines, 
inhibiting vascular cell adhesion protein 1 (VCAM1), activating endothelial NO 
synthase (eNOS) in endothelial cells, and decreasing monocyte recruitment in the 
arterial wall [44]. However, atherosclerosis was not altered in single allele insulin 
receptor ablation (IR+/−) ApoE−/− mice with endogenously induced hyperinsu-
linemia in the absence of systemic insulin resistance. This model exhibited increased 
plasma insulin levels but comparable insulin sensitivity and atherosclerosis o con-
trol ApoE−/− even after 52 weeks of hyperinsulinemia [43]. Furthermore, as men-
tioned, the ORIGIN and DEVOTE trials [6, 10] have both clinically shown that 
exogenous hyperinsulinemia did not increase the risk of CVD. Thus, these studies 
suggest that the acceleration of atherosclerosis is related to insulin’s direct action on 
vascular cells in insulin resistance and diabetic conditions.

 Structure and Signaling of Insulin Receptors (IR) 
on the Vascular System

We have characterized insulin receptors (IR) on the vascular cells and reported 
that they are identical to those in the nonvascular cells with respect to binding, 
structure, and tyrosine phosphorylation activity [46]. IR is a member of the tyro-
sine kinase family, which consists of an α chain that binds insulin and a β chain 
containing tyrosine kinase, and the activation of the receptor by insulin binding 
results in autophosphorylation of the receptor and activation of tyrosine kinase 
(Fig. 3.1). As in other cells, IR in vascular cells can activate two main signal trans-
duction pathways: the IR substrate (IRS) 1/2 and phosphoinositide (PI)-3-kinase 
(PI3K)/Akt cascade (IRS/PI3K/Akt); and the Src/mitogen-activated protein 
(MAP) kinase cascade. These signaling processes mediate many actions of insulin 
in vascular cells, including regulation of metabolism and endothelial cell function. 
For instance, even though insulin does not affect glucose uptake (as endothelial 
cells predominantly express GLUT1 as glucose transporter), it can still affect glu-
cose and fatty acid metabolism through mitochondrial fluxes, and is indirectly 
involved in many cellular functions such as cell growth, gene expression, protein 
synthesis, and glycogen incorporation [47, 48]. However, IR can mediate unusual 
and different functions in endothelial cells. We have demonstrated that endothelial 
cells can internalize insulin via a receptor-mediated process and thereby transport 
insulin without degradation [49, 50]. In contrast, hepatocytes, adipocytes, and 
vascular smooth muscle cells (VSMC) will heavily degrade insulin when internal-
ized [49–51]. This lack of internalized insulin degradation in endothelial cells is 
due to receptor-mediated transcytosis such as the caveolin cycling process, which 
transports insulin from the apical to the luminal surfaces of endothelial cells [49, 
52–56]. This mechanism may be important for tissues with tight endothelial 
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Fig. 3.1 Schematic diagram of the signaling pathways of insulin in vascular endothelial cells. 
Activation of either PI3K/Akt or Ras/MAP kinase pathways can mediate most actions of insulin, 
with the former stimulating mainly anti-atherogenic effects, and the latter stimulating atherogenic 
actions. In diabetic or insulin-resistant states, metabolic derangements or activation of PKC have 
been suggested to selectively inhibit insulin receptor-mediated activation of PI3K/Akt pathway, 
but spares the Ras/MEK/MAP pro-atherogenic arm of insulin’s signaling cascade. This may in 
turn contribute to atherogenic lesion formation. IRS insulin receptor substrate, PI3K phosphati-
dylinositol 3-kinase, MAPK mitogen-activated protein kinase, AGE advanced glycation end- 
products, FFA free fatty acid, ET-1 endothelin-1, Ang Angiotensin

barriers and limited paracellular capillary permeability, such as the retina and 
brain [57]. In addition, when endothelial cells are exposed to high levels of insu-
lin, IR on the cell surface will be decreased and will further contribute to systemic 
insulin resistance by indirectly affecting blood flow or permeability or cytokine 
levels [48, 54, 57].

Another vascular-specific action of insulin is the activation or increased expres-
sion of nitric oxide (NO), resulting in localized vasodilation [58–61]. Mice null for 
the insulin receptor specifically in endothelial cells (VENIRKO mice) were recently 
established [62]. Although less than 5% of IR mRNA expression was left in endo-
thelial cells, these mice developed normally and did not show major differences in 
vasculature when compared to their control littermates, save for a mild reduction of 
gene expression for eNOS and endothelin-1 (ET-1) in endothelial cells [62]. 
However, when challenged with hypoxia, VENIRKO mice developed more than 
50% reduction in retinal neovascularization [63]. These results suggest that the 
alteration of insulin signaling may affect the expression of vascular regulators in 
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endothelial cells and may further affect vascular biology such as neovascularization. 
In addition, eNOS knockout mice have insulin resistance but they do not exhibit 
diabetes [64, 65].

 Physiologic Actions of Insulin on the Vascular System

Insulin has been reported possess many physiological actions on vascular cells. It is 
believed that hyperinsulinemia or insulin resistance can contribute to the accelera-
tion of atherosclerosis by increasing the proliferation of aortic smooth muscle cells 
and the synthesis of extracellular matrix (ECM) proteins in the arterial wall (Fig. 3.2). 
Previously, the mitogenic actions of insulin on cells have not been viewed as being 
significant in physiological conditions, because insulin can only stimulate the growth 
of vascular cells at concentrations greater than 10 nmol/L. However, it is likely that 
in severe insulin-resistant or hyperinsulinemic states, insulin can exert its growth-
promoting actions in smooth muscle cells (SMCs) by enhancing the mitogenic 
action of homozygous insulin receptors, possibly additively with other potent growth 
factors such as platelet-derived growth factor and insulin-like growth factors [66].
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Fig. 3.2 Mechanism of DAG synthesis and PKC activation in diabetes mellitus. Hyperglycemia 
activates the de novo synthesis of DAG and leads to PKC activation. Acyl-CoA, acetyl-coenzyme 
A, CoA coenzyme A, DAG diacylglycerol, DHAP dihydroxyacetone phosphate, FDP fructose 
1,6-diphosphate, F6P fructose 6-phosphate, GAP glyceraldehyde 3-phosphate, G3P glycerol 
3-phosphate, G6P glucose 6-phosphate, IP3 inositol 1,4,5-triphosphate, LysoPA lysophosphatidic 
acid, PA phosphatidic acid, PC phosphatidylcholine, PIP2 phosphatidylinositol 4,5-bisphosphate, 
PKC protein kinase C, PLC phospholipase C, PLD phospholipase D
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Moreover, recent studies from our laboratory have shown that the enhancement 
of intimal hyperplasia in insulin resistance or diabetes is due to insulin signaling by 
homodimers of IR.  Mice with deletion of IR in VSMCs (SMIRKO) exhibited 
decreased insulin-stimulated VSMC proliferation and reduced wire injury-induced 
intimal hyperplasia in a rodent model of restenosis. In contrast, deletion of IGF1R 
(SMIGF1RKO) with increased homodimers of IR enhanced insulin-stimulated 
VSMC proliferation and exacerbated injury-induced intimal hyperplasia by enhanc-
ing insulin signaling and upregulation of hyaluronan synthase2 (Has2), which has 
important biological effects on VSMC migration and proliferation [67].

Physiologically, insulin can be transported and can regulate peripheral organs 
with continuous vascular connections, such as the central nervous system, adipose 
tissue, and skeletal muscle but not in organs with fenestrated capillaries, such as the 
liver and renal glomeruli [49, 68]. One of the best-characterized vascular effects of 
insulin is its vasodilatory action, which is mainly mediated by the production of NO 
in endothelial cells [59]. Baron [58] reported that blood flow to the leg increased by 
twofold after 4 h of hyperinsulinemia during a euglycemic–hyperinsulinemic clamp. 
Increased skeletal muscle blood flow was observed in a time-, dose-, and 
NO-dependent manner, and was affected earlier than insulin’s action on its down-
stream pathways [69–72]. With superimposed infusion of NG-monomethyl-l- 
arginine (L-NMMA), an inhibitor of NO synthase, into the femoral artery, the 
vasodilation was completely abrogated. It has also been reported that insulin- 
mediated vasodilation is impaired in states of insulin resistance [73], and that insu-
lin treatment can improve forearm blood flow in diabetic patients [74]. Additionally, 
activation of the renin–angiotensin–aldosterone system (RAAS) or inflammatory 
cytokines such as tumor necrosis factor (TNF)-α can inhibit insulin-induced NO 
production and vasodilation and result in endothelial dysfunction, insulin resis-
tance, hypertension, and CVD in diabetes [70, 71, 75–78]. Consistent with this 
observation, obese nondiabetic subjects often have impaired endothelium- dependent 
vasodilation, especially relative to T2D patients [60]. These findings suggest that 
endothelial cell dysfunction may have a genetic basis and may be involved in ath-
erosclerosis risk in subjects with insulin resistance, regardless of whether they have 
diabetes or not [60].

The effect of insulin on NO production in endothelial cells may be biphasic, with 
rapid and delayed components. Relative to other stimulants of NO production, insu-
lin is rather weak, with 10–100 times less maximum effect than acetylcholine. 
However, it is possible that the delayed positive effect of insulin on eNOS expres-
sion has an important consequence in sustaining the level of eNOS expression, 
which will have a general effect on all stimulators of NO production. The mecha-
nism of insulin’s effect on NO production appears to be mediated by the activation 
of PI3K pathway [61]. The acute effect appears to be an eNOS activation, whereas 
the delayed effects are a result of the upregulation of eNOS gene expression.

Thus, in the vascular tissues, insulin has a variety of effects, which can be medi-
ated by at least two signaling pathways involving PI3K and Ras–MAP kinase. At 
physiological concentrations, insulin mediates its effects through the activation of 
the PI3K pathway, causing actions such as NO production. This effect can be 
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interpreted as anti-atherogenic. In contrast, the effects mediated through the Ras–
MAP kinase pathway include stimulation of extracellular matrix production; induc-
tion of plasminogen activator inhibitor-1 (PAI-1) and ET-1 expression; and cell 
proliferation and migration, which all appear to be pro-atherogenic. The latter path-
way requires the presence of relatively high concentrations of insulin that may be 
observed in insulin-resistant states. We have proposed that the increased risk of 
atherosclerosis in insulin-resistant states is caused by the loss of insulin action on 
PI3K/Akt pathway activation and the subsequent production of NO, whereas activa-
tion of the Ras–MAP kinase pathway remains intact. In support of this theory, we 
have documented that the activation of PI3K/Akt and eNOS expression by insulin 
are significantly reduced in microvessels from insulin-resistant Zucker obese rats, 
as compared to that of healthy lean control rats, whereas the activation of the Ras–
MAP kinase pathway was not affected or was even increased [61, 79–81]. These 
results have provided a molecular explanation for the clinical findings that both 
insulin deficiency (as in T1D) and insulin-resistant states (as in patients with meta-
bolic syndrome and T2D) can lead to acceleration of CVD through insulin actions 
on blood flow, angiogenesis, thrombosis, inflammation, and cytokine and oxidant 
production [48, 82] (Fig. 3.1).

 Selective Insulin Resistance

Insulin was discovered in 1921 and has been reported ever since to exert actions on 
almost every type of cell and tissue, and has been proven to have both direct and 
indirect actions on vascular cells, including endothelial cells, VSMC and capillary 
pericytes. Our lab initially reported in 1999 that selective insulin resistance occurred 
in the aorta of obese Zucker rats [79], with a decrease in the anti-atherogenic PI3K/
Akt pathway, but no change in the pro-atherogenic Ras–MAP kinase pathway [48]. 
This selective insulin resistance has also been observed in other tissues, such as the 
myocardium, liver, renal glomeruli, wound fibroblasts, gingivae, and angioblasts. 
Since then, as mentioned, we and others have reported that insulin actions on endo-
thelial cells are mainly regulated by these two signaling pathways. The PI3K/Akt 
pathway leads to increased expression of eNOS, endothelin-B receptor (ETBR)-
mediated NO production [48, 61], vascular endothelial growth factor (VEGF) [83] 
and heme oxygenase (HO)-1 [84]; at the same time it decreases the expression of 
VCAM1 [85, 86]. As also mentioned, this pathway is considered anti-atherogenic 
with increased NO production and vasodilation, enhanced angiogenesis by VEGF, 
and decreased inflammation and oxidation via HO-1 and VCAM1 [42, 45, 79, 84, 
87] (Fig. 3.1). In addition, insulin has also been reported to suppress the expression 
of transcription factor FoxO and the pro-apoptotic molecule caspase-9, further pro-
tecting against atherosclerosis [88, 89]. On the other hand, insulin actions on the 
pro-atherogenic Ras/MAP kinase pathway elevate vasoconstriction through ET-1, 
inflammation through PAI-1, and induce the proliferation and migration of SMC 
[85–87]. In insulin-resistant states, the former pathway is selectively lost and the 

J. Fu et al.



53

latter pathway enhanced in endothelial cells, resulting in the loss of insulin’s action 
anti-oxidative and anti-inflammatory actions and further causing endothelial dys-
function. This selective suppression of insulin action is termed as selective insulin 
resistance.

The importance of endothelial insulin action on atherosclerosis was demon-
strated in VENIRKO mice. Loss of insulin signaling in endothelial cells in these 
mice increased aortic atherosclerosis development and progression by more than 
twofold compared to apoE−/− mice, without altering systemic metabolic parameters. 
Using a genetically engineered PI3K/Akt pathway in apoE−/− mice, multiple groups 
have confirmed that the mechanism of insulin in inhibiting atherosclerosis is indeed 
mediated by the PI3K/Akt pathway [42, 90–92]. On the contrary, the severity and 
development of atherosclerosis subjected to selective insulin resistance in endothe-
lial cells was significantly reduced by overexpressing IRS1 specifically targeted to 
the endothelial cells in apoE−/− mice (IRS1/ApoE−/−), with enhanced NO produc-
tion through increasing ETBR expression and eNOS activity [45], and deletion of 
ETRB in the endothelial cells of IRS1/Ldlr−/− mice decreased NO production and 
accelerated atherosclerosis [45]. In addition, overexpression of IRS1 in endothelial 
cells can also improve angiogenesis and wound healing in diabetic mice [93], with 
increased NO production and VEGF expression. These results all strongly suggest 
that insulin actions, especially via the PI3K/Akt pathway, are important for main-
taining endothelial function.

Recently, we also reported the mechanism of insulin action in VSMCs on reste-
nosis. Intimal hyperplasia is attenuated in SMIRKO mice, but SMIGF1RKO mice 
exhibited enhanced proliferation and exacerbated hyperplasia. This selective and 
enhanced action of insulin on the proliferation of VSMC with IGF1R deletion was 
related to the increased binding of insulin to the homodimers of IR (homo-IR). By 
using chimeras of IR and IGF1R, we found that the α-binding subunit of homo-IR 
contributed mainly to cellular actions during restenosis, especially through the 
mitogenic effects of insulin on VSMC to increase Has2 expression, which appeared 
to be mediated by both the PI3K/Akt and Ras/MAP kinase pathways [67].

 Hyperglycemia

Hyperglycemia has been shown to be the main cause of microvascular complica-
tions in the DCCT [17–19] and UKPDS studies [21]. For CV complications, the 
contribution of hyperglycemia is probably also significant, but this is likely to be in 
combination with other risk factors, such as dyslipidemia or insulin resistance. 
Several biochemical mechanisms appear to explain the adverse effects of hypergly-
cemia on vascular cells (Table 3.2). This is not surprising because the metabolism 
of glucose and its metabolites can affect multiple cellular pathways. Glucose is 
transported into the vascular cells mostly by GLUT1 transporters, which can be 
regulated by extracellular glucose concentration and other physiological stimula-
tors, such as hypoxia [94]. Once glucose is transported, it is metabolized to alter 
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Table 3.2 Proposed mechanisms of the adverse effects of hyperglycemia

Activation of the polyol pathway
Increases in nonenzymatic glycation products
Activation of DAG–PKC stress kinases cascade
Increases in oxidative glycated stress
Enhanced flux via hexosamine metabolism
Vascular inflammation
Altered expression and actions of growth factors and cytokines

signal transduction pathways such as the activation of diacylglycerol (DAG) and 
protein kinase C (PKC), or to increase mitochondrial flux thus changing the redox 
potential [95–98]. Lastly, another normally inactive metabolic pathway (such as that 
of aldose reductase) can be used. The elevation of intracellular glucose and its 
metabolites can also interact with amines to form adducts and glycated products, 
reducing protein functions unless neutralized by glyoxalases. In this review, we 
describe these theories and suggest that the common pathways for most of the 
adverse effects of hyperglycemia are mediated by alterations in the signal transduc-
tion of such substances as DAG–PKC or other kinases and phosphatases.

 Advanced Glycation End-Products

Extended exposure of proteins to hyperglycemia can result in nonenzymatic reac-
tions, in which the condensation of glucose with primary amines forms Schiff bases. 
These products can rearrange to form Amadori products and advanced glycation 
end-products (AGE). The glycation process occurs both intracellularly and extracel-
lularly. It has been reported that glycation modification targets intracellular signal-
ing molecules and extracellular structure proteins alike, and furthermore, alters 
cellular functions. Multiple forms of proteins subjected to glycation have been iden-
tified with Nε-(carboxymethyl)lysine (CML), pentosidine, and pyralline being the 
major forms of AGEs in diabetes.

A significant role for AGE in diabetic vascular complications is supported by 
their increased serum concentration in patients with diabetes [99, 100]. As AGEs are 
not easily metabolized, they accumulate even after a long period of strict glucose 
control, and can still increase CV risk in diabetic patients—a phenomenon called 
metabolic memory. Intracellular enzymes such as glyoxalases can reduce AGE lev-
els. Recent studies in renal glomeruli of people with diabetes but protected from DN 
have shown high levels of glyoxalase [101, 102]. Furthermore, while infusion of 
AGE into animals without diabetes reproduces some pathological vascular abnor-
malities similar to that in diabetes, inhibition of AGE formation in diabetic animals 
can partly prevent these same pathological changes [103]. Treatment of diabetic rats 
with aminoguanidine, an inhibitor of AGE formation and inducible NOS, can pre-
vent the progression of both DN [103] and DR [104], as evidenced by the reduction 
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of albuminuria, mesangial expansion, endothelial cell proliferation, pericyte loss, 
and even the formation of microaneurysms. Other inhibitors of protein glycation, 
such as OPB-9195 [105] or ALT-711 [106] have yielded similar results in animals 
with diabetes.

Recently, receptor for advanced glycation end-products (RAGE) has received 
substantial attention on its role in endothelial cell dysfunction in diabetes, espe-
cially in the development of atherosclerosis [107]. RAGE belongs to the immuno-
globulin superfamily and has been reported to be expressed in vascular cells 
including endothelial cells and SMCs [108], and RAGE accumulation in the vascu-
lature has been reported in diabetic states [100, 103]. Infusion of RAGE is associ-
ated with vascular hyperpermeability similar to that in diabetes, and these changes 
can be neutralized in the presence of soluble RAGE (sRAGE) [103], the extracel-
lular domain of RAGE that disrupts AGE–RAGE interaction. Additionally, when 
mice deficient for apolipoprotein (apo)E (apoE−/−) were induced to develop T1D by 
streptozotocin injection, they developed much more advanced atherosclerotic 
lesions in their aortae as compared to apoE−/− mice without diabetes [100], and the 
progression of atherosclerotic lesions can be reversed by intraperitoneal injection of 
sRAGE [100]. Although the molecular and cellular mechanisms underlying RAGE- 
induced vascular permeability change are still not fully understood, it is postulated 
that the induction of extracellular protein glycation [109], vascular oxidative stress 
[110], activation of PKC and other intracellular signaling events [111], and inflam-
mation [112, 113] are contributors.

These results provide supportive evidence suggesting an important role for AGE 
formation and RAGE activation in the development of diabetic vascular complica-
tions. The AGE–RAGE axis could therefore be a potential target for clinical inter-
ventions. Indeed, aminoguanidine has been evaluated in a clinical trial for its effect 
on the progression of DN in 599 T2D patients across the United States and Canada, 
which showed significant side effects [114]. Aside from this, however, the majority 
of our current understanding still relies on animal studies and an affirmative role for 
AGE in the pathogenesis of diabetic vascular complications requires further clinical 
evaluation.

 Activation of the Polyol Pathway

Increased activity of the polyol pathway has been documented in culture studies 
using vascular cells exposed to levels of d-glucose in humans and animals with 
diabetes [115, 116]. In these studies, hyperglycemia has been shown to increase the 
activity of aldose reductase (AR) and enhance the reduction of glucose to sorbitol, 
which is then further oxidized to fructose by sorbitol dehydrogenase (SORD). 
Abnormalities in the polyol pathway have been suggested to cause vascular damage 
in the following ways: (a) osmotic damage by the accumulation of sorbitol [115]; 
(b) induction of oxidative stress by increasing nicotinamide adenine dinucleotide 
phosphate (NADP)/NAD+ ratio and the activation of Na+/K+ adenosine triphosphate 
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(ATP)ase [116]; and (c) reduction of NO in the vasculature by decreasing cellular 
NADPH, a cofactor used by AR to reduce glucose to sorbitol [117]. Multiple rodent 
studies have shown that inhibition of AR, the key enzyme in the polyol pathway, 
could prevent some pathological abnormalities in DR, DN, and neuropathy [116]. 
Overexpression of AR with activation of the polyol pathway in diabetic apoE-/- 
mice was also shown to accelerate atherosclerosis, while AR inhibitors may poten-
tially reduce atherosclerosis [118]. However, these results were not supported by 
data from clinical trials on AR inhibitors. A 3-year follow-up of diabetic patients 
treated with an AR inhibitor, Sorbinil (250 mg/day), failed to detect differences in 
DR [119], although another AR inhibitor, Zenarestat, may have improved nerve 
conduction in diabetic peripheral polyneuropathy in the early phase [120]. Based on 
the largely negative clinical data, a significant role for the activation of the polyol 
pathway in the pathogenesis of diabetic microvascular complications is not promis-
ing. Furthermore, we recently reported that while activation of the polyol pathway 
in the glomeruli was associated with DN protection, the DN-protected patients 
showed the elevation of glycolytic enzymes instead [101]. Thus, these results sug-
gest that AR inhibitors may not be a good target for diabetic microvascular 
complications.

 Alteration in Oxidative Stress

Increased oxidative stress from metabolic derangements has been reported in diabe-
tes and has been proposed to cause vascular complications [98, 116, 121, 122]. In 
diabetes, oxidative stress may result from increased production of superoxide via 
the induction of NADPH oxidase and the mitochondrial pathway; decreased super-
oxide clearance; lipid and protein modification; and the reduction of endogenous 
antioxidants such as ascorbic acid, vitamin E, and glutathione [123, 124]. In addi-
tion, increased oxidant levels can react with NO to yield various oxidized nitric 
derivatives, especially in the vascular tissues [125, 126].

Several lines of evidence support the role of increased oxidative stress in the 
pathogenesis of diabetic vascular complications. Reactive oxygen species, an index 
of oxidative stress, have been reported to be increased in patients with DR [127] and 
CVD in the Framingham Heart Study [128] and correlated with the severity of these 
complications. Furthermore, these results have been replicated in diabetic animals 
or even in vascular cells cultured in media with high levels of d-glucose [116, 122].

Induction of oxidative stress has been suggested to cause vascular dysfunction 
via multiple mechanisms including cellular DNA damage, which activates the poly 
(ADP-ribose) polymerase [116, 129, 130]; reduction of NO bioavailability [116]; 
and activation of other mechanisms known to induce vascular cell damage, such as 
AGE formation, PKC activation, and induction of the polyol pathway [131]. AGE, 
in turn, may break down NO in redox processes or further induce oxidative stress 
through receptor-mediated activation of nuclear factor κB [132]. In mice overex-
pressing catalase in macrophages (mCAT), which suppressed mitochondrial 
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oxidative stress, atherosclerosis was significantly reduced with less macrophages in 
the plaques [133]. Additionally, evidence has shown that reactive oxygen species 
can cause severe disturbances in the regulation of coronary blood flow and cellular 
homeostasis, leading to the severe macrovascular lesions typically observed in dia-
betic patients after more than 10 years of disease [131, 134]. Conversely, inhibition 
of reactive oxygen species can prevent the generation of AGE and the activation of 
PKC in cultured endothelial cells [130]. The partial reduction of ROS production in 
the aortic wall of both animals and humans treated with PKC inhibitors further sug-
gest that the auto-oxidative process plays an important role in the complex reaction 
cascade leading to AGE formation [135–137].

Several pathways in diabetes, such as PKC activation (especially the β2 isoform) 
[134, 138], AGE formation [110], lipid oxidation [122, 128], and altered polyol 
activity [116] can lead to the activation of NADPH oxidase or flux through the mito-
chondrial respiratory chain [131, 139], thus generating reactive oxygen species that 
further increase tissue oxidative stress. On the other hand, oxidative stress can pre-
cede formation of some AGE, such as pentosidine and CML, as well as activation of 
the DAG–PKC pathway [140].

Although multiple studies on either cultured or animal vascular cells have all 
supported the role of oxidative stress in vascular complications of diabetes, clinical 
trials on antioxidants—in particular antioxidant vitamins—have not shown a bene-
ficial effect on microvascular or CV events. These may be explained by insufficient 
concentrations of antioxidants in the relevant intracellular compartments [141]. The 
Heart Outcomes Prevention Evaluation Study (HOPE) has shown that treatment 
with vitamin E (400 IU/day; mean: 4.5 years) had no apparent effect on CV out-
comes in patients with CVD or diabetes plus one other risk factor [142]. Similarly, 
the MICRO-HOPE study also revealed that the same dose of vitamin E failed to 
show differences in CV outcomes and DN [143]. However, we have reported that 
oral vitamin E treatment at a dose as high as 1800 IU/day appeared to be effective 
in normalizing retinal hemodynamic abnormalities and improving renal function in 
short-duration T1D patients, without inducing significant changes in glycemic con-
trol [144]. In all, these largely inconclusive clinical results suggest that oxidative 
stress probably plays a supportive, rather than central, role in the pathogenesis of 
diabetic vascular complications.

 Activation of the DAG–PKC Pathway

A major advancement in the understanding of diabetic vascular disease is the unrav-
eling of changes in signal transduction pathways. One of the best-characterized is the 
activation of the DAG–PKC pathway, which appears to be related to the elevation of 
DAG, a physiological activator of PKC. Increases in total DAG have been demon-
strated in tissues associated with diabetic vascular complications, including the ret-
ina [145], capillaries, aorta, heart [146], renal glomeruli [147], chronic wounds, 
gingiva, and liver [94, 95, 145, 146, 148–153], but not in the brain or peripheral 
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Table 3.3 Summary of DAG levels and PKC activity in cultured cells exposed to high glucose 
conditions and tissue isolated from diabetic animals

Diacylglycerol Protein kinase C

Cultured cells
Retinal endothelial cells ↑ ↑
Retinal pericytes ↑ ↑
Aortic endothelial cells ↑ ↑
Aortic smooth muscle cells ↑ ↑
Renal mesangial cells/podocytes ↑ ↑
Tissues
Retina ↑ ↑
Heart ↑ ↑
Aorta ↑ ↑
Renal glomeruli ↑ ↑
Liver/skeletal muscle ↑ ↑
Monocytes ND ↑
Granulation tissue ↑ ND
Brain – –
Peripheral nerve –, ↓ ↑, ↓, –

ND = not determined in references cited. ↑ = increased, ↓ = decreased, – = unchanged

nerves (Table 3.3). Increasing glucose levels from 5 to 22 mol/L in the media ele-
vated cellular DAG levels in aortic endothelial cells and SMCs [146], retinal endo-
thelial cells [145], renal mesangial cells [154, 155], and circulating monocytes [156]. 
The increase in DAG–PKC reaches maximum levels in 3–5 days after the elevation 
of glucose levels and remains chronically elevated for many years. In fact, we have 
already shown that euglycemic control via islet cell transplant after 3 weeks was not 
able to reverse the increases in DAG or PKC levels in the aorta of diabetic rats [146]. 
This suggests that the activation of DAG–PKC could be sustained chronically but is 
difficult to reverse, similar to pathways of diabetic complications.

DAG can be generated from multiple pathways. Agonist-induced formation of 
DAG depends mainly on hydrolysis of phosphatidylinositol by phospholipase C 
[157]. However, this mechanism is most likely minimally involved in diabetes, 
because inositol phosphate products were not found to be increased by hyperglyce-
mia in aortic cells and glomerular mesangial cells [158, 159]. When fatty acids in 
DAG were analyzed [160], DAG induced by high glucose conditions had a predomi-
nantly palmitate- and oleic acid-enriched composition, whereas DAG generated 
from hydrolysis of phosphatidylinositol had the composition of 1-stearoly-2-ara-
chidonyl-SN-glycerol [161]. In labeling studies using [6–3H] or [U-14C] glucose, 
we have shown that elevated glucose increases its incorporation into the glycerol 
backbone of DAG in aortic endothelial cells [162] and SMCs [158], as well as renal 
glomeruli [150]. These facts indicate that the increased DAG levels in high glucose 
conditions are mainly derived from the de novo pathway (Fig. 3.2).

It is also possible that DAG is produced through the metabolism of phosphatidyl-
choline as a result of the activation of phospholipase D [157]. One potential 
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pathway for DAG increase is through glyco-oxidation, since oxidants such as H2O2 
are known to activate the DAG–PKC pathway (Fig. 3.2) [158]. We have reported 
that vitamin E, in addition to being an antioxidant, further inhibited DAG–PKC 
activation in vascular cells exposed to high glucose levels [140]. This occurred at 
very high vitamin E doses and probably decreased DAG levels rather than PKC, 
because the direct addition of vitamin E to purified PKC-α or -β isoforms in vitro 
had no inhibitory effect [159].

PKC belongs to a family of serine–threonine kinases and plays a key role in 
intracellular signal transduction for hormones and cytokines. There are at least 11 
isoforms of PKC and are classified as conventional PKCs (α, β1, β2, γ); novel PKCs 
(δ, ε, η, θ, μ); and atypical PKCs (ζ, λ) [160, 161]. Multiple isoforms of PKC, 
including α, β1, β2, δ, ε, and ζ, are all expressed in endothelial cells [146, 163]. 
Activation of classical and/or novel PKC isoforms has been suggested to play key 
roles in the development of diabetic microvascular and CV complications [80, 164–
170]. PKC activation by hyperglycemia appears to be tissue-selective, because it 
has been noted in the retina, aorta, heart, and glomeruli, but not in the brain and 
peripheral nerves of diabetic animals (Table 3.3). Among the various PKC isoforms, 
PKC-β and PKC-δ appear to be preferentially activated in the aorta and heart of 
diabetic rats [146] and in cultured aortic SMCs exposed to high levels of glucose 
[140]. However, increases in multiple PKC isoforms were observed in some vascu-
lar tissues, such as PKC-α, -β2, and -ε in the retina and PKC-α, β1, and δ in the 
glomeruli of diabetic rats [171]. Additionally, characterization of macrophage cell 
lines showed that PKC-α and PKC-β1 and β2 were activated when cells were 
exposed to elevated glucose concentrations (5.5–16 mM) [156]. We and others have 
shown that a number of in vivo abnormalities, such as renal mesangial expansion, 
basement membrane thickening, blood flow, and monocyte activation in diabetic 
rats, can be prevented or normalized using an orally effective specific inhibitor for 
PKC-β, LY333531 (ruboxistaurin) [150]. One of the early vascular changes in dia-
betes is the reduced bioavailability of endothelium-derived NO, which further 
aggravates endothelial dysfunction. This process appears to be at least partly caused 
by the activation of PKC-β by hyperglycemia. To demonstrate, Beckman and col-
leagues applied forearm hyperglycemic clamps on 14 healthy subjects and observed 
that endothelium-dependent vasodilation in response to methacholine chloride was 
decreased in hyperglycemia as compared to that in euglycemic conditions [172]. 
The reduction of vasodilation was normalized by oral ruboxistaurin (32 mg/day) 
[172]. We found that activation of PKC-β in endothelial cells could induce selective 
insulin resistance by phosphorylation of threonine-86 of P85/PI3K and serine of 
IRS2 with enhanced pro-atherogenic actions, while the PI3K/Akt pathway and its 
anti-atherogenic actions were inhibited [164, 165]. In apoE−/− mice with endothelial 
cell-specific overexpression of PKC-β2 (Tg (Prkcb) ApoE−/− mice), endothelial dys-
function and atherosclerosis were accelerated by loss of the Akt/eNOS pathway and 
activation of angiotensin-induced ET-1 expression [168, 169], while atherosclerosis 
was reduced when PKC-β was deleted or inhibited by ruboxistaurin [80, 170]. 
Similar effects were found in myocardia with PKC-β activation in diabetes or insu-
lin resistance [166, 167]. These data support that the role of PKC-β activation in the 
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development of some aspects of diabetic vascular complications. Moreover, another 
PKC isoform, PKC-δ, was also activated in many vascular tissues, such as the aorta, 
retina, heart, renal glomeruli, and chronic wounds. Inhibition of PKC-δ in fibro-
blasts may improve insulin signaling via the PI3K/Akt pathway and increase VEGF 
expression in the wound, further improving the rate of wound healing [173]. The 
mechanisms for selective activation of certain PKC isoforms in various tissues 
remain unclear, however, since the main cause for PKC activation is the increase in 
DAG levels. It is likely that PKC isoforms which redistribute to the intracellular 
compartments are more affected than those located in the plasma membrane, since 
glucose metabolites which lead to increased DAG are formed mostly in intracellular 
organelles [174]. These studies all suggested that PKC activation in diabetes is 
related to selective insulin resistance and loss of the PI3K/Akt pathway, and contrib-
ute to endothelial cell dysfunction. After selectively activating PI3K/Akt pathways 
in macrophages to decrease selective insulin resistance and generating macrophage- 
PKCδ knockout (MPKCδKO/apoE−/−) mice, we surprisingly found opposite results 
compared to deletion of PKCβ in endothelial cells. MPKCδKO/apoE−/− mice exhib-
ited accelerated aortic atherosclerotic lesions with decreased apoptosis and increased 
proliferation in macrophages, which were associated with elevated phosphorylation 
levels of the pro-survival cell-signaling proteins Akt and FoxO3a, and reduction of 
the pro-apoptotic protein Bim [175]. These data suggested that inhibition of PKCδ 
to improve insulin resistance in different cell types may have contradictory effects 
on the progression of atherosclerosis in diabetes and insulin resistance.

For a hyperglycemia-induced change to be credible as a causal factor of diabetic 
complications, it has to be chronically altered, difficult to reverse, able to cause 
similar vascular changes when activated without diabetes, and able to prevent com-
plications when inhibited. So far, we have presented evidence on DAG–PKC activa-
tion that fulfills at least three of these criteria. However, phase III clinical studies 
using ruboxistaurin have only shown modest efficacy in DR [176], DN [177], and 
neuropathy [178, 179]. These results indicate that inhibition of several PKC iso-
forms will be necessary to achieve significant clinical results for the various vascu-
lar complications of diabetes.

 Dyslipidemia

In most patients with diabetes, especially those with T2D and insulin resistance, 
hypertriglyceridemia and decreased high-density lipoprotein (HDL) cholesterol 
have been reported [180]. Increased low-density lipoprotein (LDL) cholesterol is 
also frequently observed, but more frequently occurs in those with poor glycemic 
control or in parallel with hypertriglyceridemia. Additionally, LDL can be modified 
in diabetes, leading to the formation of glycated or oxidized LDL [181, 182]. Recent 
findings have shown that small, dense LDLs and excess triglyceride-rich remnants, 
which are highly atherogenic, are increased in insulin resistance [183]. 
Hyperinsulinemia and central obesity, which are commonly accompanied by insulin 
resistance and T2D, can lead to overproduction of very low-density lipoproteins 
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(VLDL) [184], which contain a number of apolipoproteins and triglycerides. 
Increased free fatty acid and glucose levels can increase VLDL output from the 
liver, and elevated triglyceride levels can inhibit apoB degradation, resulting in 
increased secretion of VLDL. Lipoprotein lipase (LPL) activity is decreased in dia-
betic patients because insulin is a major regulator of LPL activity. As LPL is neces-
sary for the breakdown of chylomicrons and triglycerides, decreased LPL activity 
leads to increased VLDL. A decrease in LDL levels results in more glyceride-rich 
particles, fewer HDL particles, and much smaller and denser LDL particles in T2D 
patients. Increased VLDL levels can accelerate atherosclerosis as they can be inher-
ently toxic for the metabolism and growth of endothelial cells [185]. VLDL in dia-
betic animals may also deposit more lipids in macrophages, which are precursors of 
foam cells in the arterial walls [180]. On the other hand, HDLs, which are decreased 
in diabetes, reduce the inhibitory effect of LDL on endothelium-mediated vasodila-
tion [186]. Hypercholesterolemia also increases the expression of endothelial adhe-
sion molecules, enhances platelet aggregability and adhesion [187–190], and 
augments vasoconstriction.

Small, dense LDLs, which are known to be a potent risk factor for CAD, oxidize 
easily and are rapidly taken up by macrophages [191], subsequently interacting with 
endothelial cells, releasing vasoactive factors, and becoming foam cells. 
Experimental and clinical data suggest that elevated serum levels of total and LDL 
cholesterol are associated with impaired endothelial function [192–194]. Modified 
(mostly oxidized) LDLs impair endothelial function more than native LDLs at simi-
lar doses, based on in vitro vasodilator responses [194, 195]. The levels of oxidized 
LDLs correlate better with impairment in endothelial function than cholesterol lev-
els. Modified/oxidized LDL can affect gene expression (i.e., decrease eNOS expres-
sion and increase endothelin-gene expression and production), thus promoting 
vasoconstriction and hypertension.

Several studies have suggested that a key detrimental effect of hypercholesterol-
emia is in decreasing NO availability [191]. Administration of the NO precursor 
l-arginine restores endothelial dysfunction induced by oxidized LDLs, suggesting 
an impairment in NO synthesis or a decrease in l-arginine availability [193, 194]. 
In clinical studies, infusion of l-arginine can improve impaired endothelium- 
dependent vasodilation, including that mediated by hypercholesterolemia [193, 196].

 Cellular and Functional Alterations in Vascular Endothelial 
Cells Induced By Diabetes

 Vascular Contractility and Blood Flow

Hemodynamic abnormalities in blood flow and vascular contractility have been 
reported in many organs of diabetic animals or patients, including the kidney, retina, 
peripheral and coronary arteries, and microvessels of peripheral nerves. In the retina 
of subjects with short-duration diabetes and no DR, blood flow has been shown to 
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be decreased. However, in severe proliferative DR (PDR), retinal blood flow is 
increased, likely due to elevated VEGF expression in response to retinal hypoxia 
[166, 197–202]. One possible explanation for the decreased retinal blood flow in the 
early stages of diabetes is the result of PKC-induced increased vascular resistance 
at the microcirculatory level. We have reported that this decreased retinal blood flow 
can be mimicked by intravitreous injection of phorbol esters, which are PKC activa-
tors [145]. Furthermore, decreases in retinal blood flow in diabetic rats have been 
reported to be normalized by PKC inhibitors [150]. In addition to the retina, 
decreases in blood flow have also been reported in the peripheral nerves of diabetic 
animals by most investigators; these were normalized by PKC inhibitors, AR inhibi-
tors, and antioxidants, respectively.

One possible mechanism by which PKC activation can cause retinal vasocon-
striction is by increased expression of ET-1, a potent vasoconstrictor. ET-1 is 
increased in the retina of diabetic rats, and intravitreous injection of the endothelin-
 A receptor antagonist BQ123 prevented the decrease in retinal blood flow in these 
rats [203]. The induction of ET-1 expression can also be normalized by ruboxistau-
rin [204]. As mentioned, the decrease in retinal blood flow can lead to local hypoxia, 
which is a potent inducer of VEGF, consequently leading to increased permeability, 
microaneurysms, and ultimately neovascularization in diabetic retina [205, 206]. It 
was also reported that IR knockout in endothelial cells could decrease VEGF, eNOS, 
and ET-1 expression and reduce ischemia-induced retinal neovascularization [63], 
but no changes were found with regards to either blood–brain permeability or sys-
temic insulin sensitivity [207].

Meanwhile, the role of PKC activation in hemodynamic abnormalities leading to 
diabetic neuropathy is not clear. Hyperglycemia-induced ischemia has been sug-
gested to play a role in the development of diabetic neuropathy since vasodilators 
which increase nerve blood flow appear to improve nerve function in diabetic rodents 
[178], although some reports have suggested that phosphatidylinositol turnover and 
DAG levels were reduced, causing a decrease in PKC activity [179]. NOS inhibitors 
blocked the benefits of WAY 151003, a nonisoform specific inhibitor, on blood flow 
and conduction velocity, which suggests that PKC contributes to diabetic neuropathy 
via a neurovascular mechanism [208]. However, clinical studies using ruboxistaurin 
for treatment of painful neuropathy did not achieve significant results [209].

Abnormalities in hemodynamics have also been documented to precede 
DN. Elevated renal glomerular filtration rate and modest increases in renal blood 
flow are characteristic findings in T1D patients and experimental diabetic animals 
with poor glycemic control [210–213]. Diabetic glomerular filtration is likely to be 
the result of hyperglycemia-induced decreases in arteriolar resistance, especially at 
the level of the afferent arteriole, resulting in an elevation of glomerular filtration 
pressure. This effect of hyperglycemia can be mimicked in vitro by incubating renal 
mesangial cells with elevated glucose levels that reduced cellular response to vaso-
constriction. Several reports have suggested that PKC activation via prostaglandin 
induction may involve these adverse effects of hyperglycemia [214–216], with 
ruboxistaurin being able to normalize glomerular filtration rate and renal albumin 
excretion rate in parallel with inhibition of PKC activity [150].
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Changes in NO can also alter vascular contractility and blood flow. NO, or 
endothelium- derived relaxing factor (EDRF), is produced by eNOS from l-arginine 
and oxygen, which regulates arterial vasomotor tone, suppresses VSMC prolifera-
tion, and protects the endothelium from leukocyte interaction and thrombosis. In 
endothelial cells, insulin has been reported to activate eNOS via phosphorylation at 
Ser1177 through the PI3K/pAkt pathway [217]. In resistance vessels isolated from 
diabetic patients and animals, the relaxation phase after acetylcholine stimulation 
appeared to be delayed [218–221]. This impaired vascular relaxation can be restored 
by PKC inhibitors and mimicked by phorbol esters in normal arteries [221], with 
PKC inhibitors increasing mRNA expression of eNOS in aortic endothelial cells 
[222]. We have observed reduced eNOS expression in the microvasculature of 
Zucker fatty rats, which are models of insulin resistance [61]. Additionally, activa-
tion of RAAS or inflammatory cytokines such as TNF-α can likewise inhibit insulin- 
induced NO production and vasodilation [70, 71, 75–78].

Clinically, hemodynamic changes in DN are also affected by RAAS-blocking 
agents such as angiotensin-converting enzyme (ACE) inhibitors (ACEi) and angio-
tensin receptor blockers (ARBs), both of which comprise current standard of care in 
DN [223, 224]. Among other mechanisms, these drugs act by causing efferent arte-
riole constriction, leading to increased perfusion pressure in the glomeruli. Early 
on, the Collaborative Study Group (CSG) Captopril Trial [225] already demon-
strated the ability of the ACEi captopril in reducing creatinine doubling time com-
pared to placebo, while subsequent ARB studies such as the Irbesartan Diabetic 
Nephropathy Trial (IDNT) [224] and the Reduction of Endpoints in NIDDM with 
the Angiotensin II Antagonist Losartan (RENAAL) Trial both showed similar effi-
cacy of ARBs in slowing DN progression [223]. Recently, a new class of glucose- 
lowering agents, sodium-glucose cotransporter-2 (SGLT2) inhibitors, have shown 
promise in ameliorating DN through their actions on the proximal tubules, thereby 
reducing glomerular hyperfiltration (EMPA-REG OUTCOME [226–228], 
CANVAS [229–232], DECLARE-TIMI 58 [233, 234]). Aside from their renal ben-
efits, SGLT2 inhibitors also demonstrated benefit in reducing CV events, particu-
larly heart failure, in T2D patients (EMPA-REG OUTCOME [226], CANVAS 
[229], DECLARE-TIMI 58 [233]).

 Vascular Permeability and Neovascularization

Increased vascular permeability is another characteristic vascular abnormality in 
diabetic patients and animals, in which increased permeability can occur after as 
early as 4–6  weeks of diabetes, suggesting endothelial cell dysfunction [235]. 
Because the vascular barrier is formed by tight junctions between endothelial cells, 
the increase in permeability is a result of abnormalities in the endothelial cells. 
Deletion of IR in endothelial cells can reduce ischemia-induced retinal neovascular-
ization via reduction of VEGF, eNOS, and ET-1 expression at regular diets [63]. The 
activation of PKC can directly increase the permeability of albumin and other 
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macromolecules through barriers formed by endothelial cells, probably by phos-
phorylating cytoskeletal proteins that form intercellular junctions [236–238]. 
Recently, PKC-β overexpression in human dermal microvascular endothelial cells 
has been reported to enhance phorbol ester-induced increases in permeability to 
albumin [239]. Thus, the actions of phorbol ester and hyperglycemia in endothelial 
barrier function are mediated in part through activation of PKC-β.

PKC activation can also regulate vascular permeability and neovascularization via 
the expression of growth factors, such as VEGF/vascular permeability factor (VPF), 
which is increased in ocular fluids from diabetic patients and has been implicated in 
the neovascularization process of PDR [240]. This is probably only applicable to the 
retina, since VEGF expression is decreased in the peripheral limbs and myocardium 
in diabetes, although these tissues also exhibited increases in vascular permeability. 
We have reported that both the mitogenic and permeability-induced actions of VEGF/
VPF were partly a result of PKCβ activation via tyrosine phosphorylation of 
phospholipase-δ, and can be decreased by ruboxistaurin [241, 242]. Recently, clinical 
trials on anti-VEGF agents such as pegaptanib, bevacizumab, and ranibizumab have 
all shown efficacy in patients with PDR and diabetic macular edema (DME). 
Intravitreal injections of these novel treatments were associated with improved rates 
of vision loss, retinal capillary leakage, and reduced PDR progression, and have pro-
vided alternative therapeutic options to panretinal laser photocoagulation [243–245].

 Na+-K+-ATPase

The Na+-K+-ATPase, an integral component of the sodium pump, is involved in 
several cellular functions such as maintenance of cellular integrity, contractility, 
growth, and differentiation [246]. It is well established that Na+/K+-ATPase activity 
is generally decreased in the vascular and neuronal tissues of diabetic patients and 
animals [95, 97, 246–248]. However, the mechanism by which hyperglycemia 
inhibits Na+/K+-ATPase activity has provided conflicting results, particularly with 
regard to the role of PKC. Phorbol esters have been shown to prevent the inhibitory 
effect of hyperglycemia on the Na+/K+-ATPase, suggesting that PKC activity might 
be decreased in diabetes. However, we have reported that elevated glucose levels 
increased PKC and cytosolic phospholipase A2 (cPLA2) activities, resulting in 
increased arachidonic acid release and prostaglandin E2 (PGE2) production and 
decreased Na+-K+ ATPase activity [249]. Inhibitors of PKC or cPLA2 prevented 
hyperglycemia-induced reduction in Na+-K+ ATPase activity in aortic SMC and 
mesangial cells. The apparent paradoxical effects of phorbol esters and hyperglyce-
mia in the enzymes of this cascade are probably due to the quantitative and qualita-
tive differences in PKC stimulation by these stimuli. Phorbol esters, which are not 
physiological PKC activators, probably activated many PKC isoforms and increased 
PKC activity by 5–10 times, whereas hyperglycemia can only increase PKC activity 
by twofold, a physiologically relevant change that affected selective PKC isoforms. 
Thus, results derived from studies using phorbol esters are difficult to interpret with 
respect to physiological significance.
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 Basement Membrane Thickening and Extracellular 
Matrix Expansion

Thickening of the capillary basement membrane is an early structural abnormality 
observed in almost all the tissues, including the vascular system, in diabetes. 
Because the basement membrane can affect numerous cellular functions, such as 
structure support, vascular permeability, cell adhesion, proliferation, differentia-
tion, and gene expression, alterations in its components may cause vascular dys-
function. Histologically, increases in type IV and VI collagen, fibronectin and 
laminin, and decreases in proteoglycans are observed in the mesangium of diabetic 
patients with DN, and probably in the vascular endothelium as well [250, 251]. 
These effects can be replicated in mesangial cells incubated in high glucose levels 
that were prevented by general PKC inhibitors [252–254]. Additionally, increased 
expression of transforming growth factor (TGF)-β has been implicated in the 
development of mesangial expansion and basement membrane thickening in diabe-
tes. We have shown recently that excessive expression of connective tissue growth 
factor (CTGF), TGF- β, and extracellular proteins induced by diabetes were signifi-
cantly reduced in PKC-β knockout mice as compared to their wild-type controls, 
and were more protected from renal hypertrophy, glomerular enlargement, and 
hyperfiltration [255]. Similar findings regarding PKCβ’s effects on CTGF expres-
sion were observed in the myocardium of diabetic mice and rats [256]. Because 
PKC activation can increase ECM and TGF-β production, it is not surprising that 
reports have shown PKC inhibitors being also able to prevent hyperglycemia- or 
diabetes-induced increases in ECM and TGF-β in mesangial cells or renal glom-
eruli [171].

 Thrombosis

Abnormalities of coagulation and platelet biology in T2D patients are well docu-
mented [257]. The development of thrombosis within the vasculature depends on 
the balance between pro- and anti-thrombotic factors, which are shifted towards the 
former in T2D patients [258]. PAI-1 is produced by the liver and endothelial cells 
and binds to the active site of both tissue and urokinase plasminogen activator, neu-
tralizing their activity [259]. Thus, increased expression of PAI-1 can lead to 
decreased fibrinolytic activity and predispose to thrombosis. Higher insulin concen-
tration, similar to those seen in the plasma of diabetic patients, induced accumula-
tion of PAI-1. It was also shown that performance of euglycemic–hyperinsulinemic 
or hyperproinsulinemic clamps on intact anesthetized rabbits increased PAI-1 accu-
mulation. Insulin alone does not have a significant effect on PAI-I expression in 
normal subjects. However, elevated insulin levels together with increased glucose 
and triglycerides, as is typical of T2D patients, elicit an insulin-dependent increase 
in circulating PAI-1. The PAI-1 content in atherectomy specimens from T2D 
patients has also been shown to increase in normal subjects.
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RAAS abnormalities in diabetic patients can also induce PAI-1 accumulation. 
The contribution of the RAAS to diabetic vascular complications has been attrib-
uted mainly to an increased vascular responsiveness to angiotensin II [260]. We 
observed that angiotensin II induced both PAI-1 and -2 expression levels in vascular 
endothelial cells and VSMCs, which is partially dependent on PKC [261]. These 
data suggest that therapies for insulin resistance and glycemic control can restore 
the fibrinolytic response.

Since studies have also demonstrated relationships between inflammation and 
thrombosis, clinical trials have sought to evaluate the effects of anti-inflammatory 
treatments on CVD in diabetic patients. Interleukin (IL)-1, in particular, has been 
reported as a therapeutic target for CVD, as it induces inflammatory functions 
including elevation of intercellular adhesion molecule (ICAM)-1, vascular cell 
adhesion molecule (VCAM)-1, and monocyte chemoattractant protein (MCP)-1 in 
endothelial cells. Similarly, induction of IL-6 has been shown to promote thrombo-
sis in VSMCs. The Canakinumab Anti-Inflammatory Thrombosis Outcome Study 
(CANTOS) showed that canakinumab, an IL-1β inhibitor, can reduce CV events in 
diabetic patients, with reductions in plasma levels of fibrinogen, IL-6, and high 
sensitivity C-reactive protein (CRP). However, treatment did not affect lipid levels 
or all-cause mortality, and was even associated with an increased incidence of fatal 
infection [262–265].

 Conclusion

It is likely that insulin resistance and hyperglycemia are responsible, directly, indi-
rectly or in combination, for many abnormalities of vascular endothelial function in 
diabetes. New studies on the adverse effects of hyperglycemia have suggested that 
alterations in the signal transduction pathways induced by AGE, reactive oxidative 
stress, and DAG–PKC are important mechanisms in endothelial and vascular cell 
function, because these pathways may affect both anti- and pro-atherogenic actions. 
Insulin actions are also important in the regulation of many vascular functions by 
transporting and communicating different nutrients, hormones, cytokines, and other 
signaling molecules. Selective impairment or enhancement of insulin signaling 
causes the blunting of insulin’s anti-atherogenic actions, accelerating endothelial and 
myocardial dysfunction, atherosclerosis, restenosis, and impaired wound healing. 
Hyperinsulinemia, when present concomitantly with insulin resistance, may enhance 
insulin’s pro-atherogenic actions. Agents that can target the abnormalities of hyper-
glycemia-induced vascular dysfunction and improve insulin resistance in the endo-
thelium can ultimately prevent the microvascular and CV complications of diabetes.
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Chapter 4
PPARs and Their Emerging Role 
in Vascular Biology, Inflammation 
and Atherosclerosis

Javier Balda, Argyro Papafilippaki, Michael Johnstone, and Jorge Plutzky

 Introduction

For many years, advances in understanding steroid hormone action typically pro-
ceeded through sequential stages that involved first identifying the role of a putative 
hormone, then isolating it—often from large quantities of body fluid, and ultimately 
identifying the nuclear receptor through which the cellular effects are being 
achieved. This stepwise progression has been reversed by modern molecular biol-
ogy techniques allowing rapid identification of many genes as encoding nuclear 
receptors based on structural motifs, even without any information regarding the 
functional role of these so-called orphan receptors. This process has been termed 
reverse endocrinology [1]. Peroxisome proliferator-activated receptors (PPARs) are 
examples of such orphan receptors, although their status changed through the seren-
dipitous discovery of synthetic ligands that could bind to PPARs [2]. The fact that 
these synthetic agonists are now in clinical use for treating diabetes mellitus (DM) 
and dyslipidemia has helped in drawing attention to this nuclear receptor subfamily 
and its potential as a therapeutic target [3]. The identification of a possible role for 
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PPARs in inflammation and atherosclerosis only heightened this interest [4]. Only 
the therapeutic use of PPAR agonists has been complicated by a host of issues, as 
discussed further below, the fact remains that PPARs are powerful, central determi-
nants of transcriptional programs that govern energy balance and related to path-
ways. As such, PPAR biology and past, current and future attempts at PPAR 
therapeutics remain of scientific and clinical relevance.

 The Basic Science of Peroxisome Proliferator-Activated 
Receptor Biology

Like all steroid hormone nuclear receptors, PPARs, including its three isotypes 
PPAR-γ, PPAR-α and PPAR-β/δ, are ligand-activated transcription factors [1, 2]. 
Similar to other nuclear receptors, PPARs contain both ligand-binding and DNA- 
binding domains. In response to specific ligands, PPARs form a heterodimeric com-
plex with another nuclear receptor, the retinoic X receptor (RXR), which is activated 
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by its own ligand-9 cis-retinoic acid [2]. This heterodimeric complex binds to 
defined PPAR-response elements in the promoters of specific target genes, deter-
mining their expression. Importantly, PPAR activation can either induce or repress 
the expression of different target genes. The mechanism through which PPAR 
repression occurs is not well understood but is thought to be indirect, for example, 
influencing the critical inflammatory regulator nuclear factor kappa B (NF-κB) or 
controlling the small co-regulatory molecules (co-activators, co-repressors) that are 
central to transcriptional responses. Extensive studies over many years have defined 
specific metabolic roles for each PPAR isoform (Fig. 4.1). These individual charac-
teristics provide a context for considering the potential role of each PPAR isoform 
in atherosclerosis and vascular biology [5].

 Peroxisome Proliferator-Activated Receptor-γ: Key Regulator 
of Adipogenesis and Insulin Sensitivity

PPAR-γ was first identified as a part of a transcriptional complex essential for the 
differentiation of adipocytes, a cell type in which PPAR-γ is highly expressed and 
critically involved in the regulation of adipogenesis, energy balance, lipid biosyn-
thesis, lipoprotein metabolism and insulin sensitivity [6]. It acts mainly by trans- 
activation and subsequent modulation of target gene expression [5]. PPAR-γ 
activation can both induce target genes as well as exert repressive effects, decreas-
ing the expression of other genes. Homozygous PPAR-γ-deficient animals die at 
about day 10 in utero as a result of various abnormalities including cardiac malfor-
mations and absent white fat [7–9]. PPAR-γ2 is predominant and abundant in adi-
pose tissue, promoting adipose tissue expansion in response to a high lipemic state 
(which in turns protects non-adipose tissues such as liver and skeletal muscle from 
excessive lipid overload). Moreover, it promotes the secretion of adiponectin and 
leptin (mediators of insulin action in peripheral tissue) resulting in increased insu-
lin sensitivity [5]. Chemical screening and subsequent studies led to the serendipi-
tous discovery of synthetic ligands of PPAR-γ, the thiazolidinediones (TZDs), 
which act in the same way. Used clinically as anti-diabetic agents, the TZD class 
includes Troglitazone (Rezulin)—withdrawn from the market because of idiosyn-
cratic liver failure, Pioglitazone (Actos) and Rosiglitazone (formerly BRL49653, 
now Avandia) [10]. Despite a similar mechanism of action, the influence of TZDs 
on cardiovascular outcomes among patients with diabetes may differ. Pioglitazone 
has been shown to reduce cardiovascular (CV) complications in a prospective clini-
cal trial by 16% (composite outcome of all-cause mortality, non-fatal myocardial 
infarction (MI) and stroke) as reported in PROACTIVE [11, 12]. However, the 
primary endpoint in PROACTIVE was negative, though related to the inclusion of 
peripheral artery disease outcomes, notoriously difficult clinical issues to reverse, 
in the multi- component primary endpoint. In keeping with the notion that a positive 
CV outcome with pioglitazone may have been missed in PROACTIVE, in 2016 
Kernan et  al. reported in the Insulin Resistance Intervention after Stroke (IRIS) 
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selected a cohort of 3876 non-diabetic patients with recent ischemic stroke or TIA 
who had insulin resistance by homeostasis model assessment (HOMA-IR) >3.0, 
and randomized them to pioglitazone or placebo. When compared to placebo, the 
pioglitazone group showed statistically significant reduction of the primary end-
point of fatal or non-fatal stroke or myocardial infarction, a major advance by 
showing a significant decrease in risk of stroke and doing so outside of a context of 
clinical diabetes [13]. Subjects in IRIS who received pioglitazone also had a sig-
nificant decrease in the risk of developing diabetes (hazard ratio = 0.48; p < 0.0001) 
at 4.8 years of follow-up, mainly in those with fasting glucose levels >100 mg/dL 
and HbA1C > 5.7% [13]. From this cohort, 12% of the subjects had 225 acute coro-
nary events during the 4.8 years of follow- up. A post hoc analysis of these events 
revealed that when compared to placebo, pioglitazone had a statistically significant 
risk reduction of acute coronary events (hazard ratio 0.71, p = 0.02), Type I MI 
(hazard ratio 0.62, p = 0.03) and not Type II MI (hazard ratio 1.05, p = 0.87), pro-
viding support for the concept that PPAR-g activation, at least with pioglitazone 
could decrease atherosclerotic events [14]. Interestingly, pioglitazone has been 
shown to decrease triglycerides while increasing high-density lipoprotein (HDL)—
without affecting total cholesterol or low- density lipoprotein (LDL)—effects that 
align with PPAR-a activation. In keeping with this, in preclinical models, some of 
the pioglitazone effects in vitro and in vivo depend on the presence of PPAR-a, 
suggesting pioglitazone, and/or one of its biologically active metabolites, may be a 
dual PPAR-g/a activator [15].

Although rosiglitazone is also a PPAR-g agonist, it has distinct effects from pio-
glitazone. While rosiglitazone can increase HDL, it can also increase total choles-
terol and LDL, with no effects on triglycerides. Early concerns arose regarding 
possible increases in MI and CV death after short-term exposure, perhaps related to 
its effects on lipid sub-fractions [5]. Whether rosiglitazone actually does increase 
cardiovascular remains controversial, which has been difficult to resolve in the 
absence of an appropriate, large, well-controlled, prospective clinical trial. In 
patients with diabetes mellitus, PPAR-g agonists including both pioglitazone and 
rosiglitazone can increase heart failure, most likely through effects on fluid reten-
tion. PPAR-g agonists do not cause a structural change in the myocardium nor do 
they increase all-cause or cardiovascular mortality.

The differences between pioglitazone and rosiglitazone align with the concept of 
selective PPAR-γ modulators (SPPAR-γMs). The particularly large ligand-binding 
domains of PPARs, and their mechanism of action that involves interaction with 
small accessory molecules, allow for the potential for different ligands to bind 
uniquely to PPARs, resulting in alternative gene expression and distinct biologic 
responses. The SPPARM concept was behind thus far unsuccessful efforts to sub-
tract adverse effects of PPAR-g agonists while preserving their insulin-sensitizing 
effects. Another class of SPPARγMs has been proposed to include the angiotensin 
receptor antagonists (ARBs), metaglidasen–halofenate, and PA-082. Telmisartan 
may function as a partial PPAR-γ agonist more so than other ARBs. Telmisartan 
appears to bind to the PPAR-γ ligand-binding domain in a different way than the full 
PPAR-g agonist rosiglitazone does, resulting in approximately 70% less PPAR-γ 
activation and possible inhibition of adipogenesis [16].
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In terms of adverse events, as noted, PPAR-γ has been associated with fluid 
retention and increased heart failure in some patients with diabetes, likely from 
activation of the renal collecting duct epithelium’s sodium channel (ENaC) and 
sodium transporters in the proximal tubule (NHE3); other possible contributors may 
include increased vascular permeability via vascular endothelial growth factor 
secretion. Weight gain is a common adverse PPAR-g agonist effect, which can be 
significant in some cases and especially if combined with insulin therapy or secre-
tagogues. While the increase in weight may seem to contradict the potent insulin- 
sensitizing effects of these agents, the increase in adiposity appears to be 
predominantly in subcutaneous fat. An important side effect of PPAR-g agonists 
includes a dose-related increase in the risk of bone fractures in pre- and post- 
menopausal women. Also of note is the association between TZDs and bladder can-
cer; more robust studies including a large trial in 2012 where nearly 200,000 were 
followed for 10 years suggested that these medications do not increase bladder can-
cer risk [17].

Of note, individuals born with dominant negative mutations in PPAR-γ have 
severe insulin resistance and hypertension, helping to establish through a genetic 
line of evidence the importance of these receptors in human biology [18, 19].

 Peroxisome Proliferator-Activated Receptor-α: Key Regulator 
of Fatty Acid Oxidation

PPAR-α is expressed in tissues with high oxidation capacity such as heart, liver, 
kidney and skeletal muscle where it plays a central role in the regulation of lipid, 
and especially fatty acid, metabolism [20]. PPAR-α activates expression of genes in 
the major—microsomal omega and peroxisome beta—oxidizing systems, which in 
turn promote energy burning and reduced fat storage [5, 21]. Target genes partici-
pate in the conversion of fatty acids to acyl-coenzyme A derivatives, peroxisome 
G-oxidation, and apolipoprotein expression (A1, AII and CIII) [22, 23]. Reminiscent 
of PPAR-γ, fibrates, namely gemfibrozil (Lopid) and fenofibrate (TriCor), in clini-
cal use for lowering triglycerides, raising high-density lipoprotein (HDL), were first 
identified before they were found to act by binding to PPAR-α agonists [24]. Early 
insights into PPAR-α come from the study of PPAR-α-deficient mice, which lack 
peroxisome proliferation in response to fibrates, confirming the connection between 
PPAR-α and peroxisome proliferation, a phenomenon that does not occur in humans 
[25, 26]. PPAR-α-deficient mice also manifest abnormal lipid profiles with increased 
total cholesterol, elevated apo-AI and mildly increased total HDL levels as a result 
of apparently decreased HDL catabolism [27]. PPAR-α activators do not lower tri-
glycerides in PPAR-α null mice, thus implicating PPAR-α in the clinical effects of 
these drugs and their use to lower hypertriglyceridemia. Gemfibrozil was initially 
found to decrease CV events in patients with average LDL levels and prior MIs, as 
seen in VA-HIT [28]. Evidence that this benefit was driven by those patients with 
diabetes prompted a subsequent study in patients with diabetes, who failed to meet 
its primary CV endpoint, even if some secondary CV endpoints were positive. 
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Disproportionately higher drop-in rates of statin use in the placebo group may have 
been a factor in outcomes. An additional study investigating adding fenofibrate to a 
statin versus statin alone failed to show a reduction in the primary CV endpoint fatal 
when compared to a statin alone (Varga et al. [5]). In several fibrate trials, more 
definitive evidence for benefit is seen among the subgroup with elevated triglycer-
ides and lower HDL levels. In the near future, the PROMINENT trial will report 
outcomes in 10,000 participants with type 2 diabetes, non-severe hypertriglyceride-
mia and low HDL cholesterol levels on moderate to high-intensity statin or meet 
specified LDL-C criteria randomly assigned to either the selective PPAR-a modula-
tor pemafibrate or placebo. Patients will be followed for a period of 3.75 years and 
primary endpoints of composite non-fatal MI, non-fatal stroke, hospitalization for 
unstable angina requiring urgent revascularization and cardiovascular death deter-
mined. Secondary and tertiary endpoints include hospitalization for heart failure 
and new or worsening peripheral artery disease, retinopathy and nephropathy, and 
change in biomarkers (i.e., Hb A1c, lipid panel) [29, 30]. A positive outcome in 
PROMINENT may help increase the use of fibrates, whose use now more often 
involves patients with severe hypertriglyceridemia or persistent hypertriglyceride-
mia despite statin use and significant CV risk.

In the context of hypertriglyceridemia, it should be noted that omega-3 fatty 
acids, more specifically, eicosapentaenoic acid (EPA) and docosahexaenoic acid 
(DHA) are also used to lower triglycerides and are thought to be natural ligands for 
PPAR-α. Omega-3 fatty acids, when oxidized, activate PPAR-α. While omega-3 
fatty acids do not improve insulin resistance, a pure form of EPA alone, icosapent 
ethyl, has been shown to reduce acute CV events, as reported in REDUCE-IT 
(Reduction of Cardiovascular Events With Icosapent Ethyl–Intervention) Trial [31]. 
In REDUCE-IT, patients receiving 2gr icosapent ethyl twice daily had a statistically 
significant 25% reduction in composite CV death, non-fatal MI, non-fatal stroke, 
coronary revascularization and unstable angina (4.8% absolute reduction). Icosapent 
ethyl also increased the incidence of atrial fibrillation and showed a trend towards 
increased bleeding risk [31]. The exact mechanism for benefits in REDUCE-IT 
remain unclear and debated, with another omega-3 fatty acid trial, which studied a 
combination of EPA and DHA, failed to show a benefit despite achieving similar 
EPA levels; questions have been raised regarding the agent used in the control groups 
between REDUCE-IT versus STRENGTH and whether the agent used in REDUC 
E-IT (mineral oil) was as neutral as the corn oil used in STRENGTH [32–34].

 Peroxisome Proliferator-Activated Receptor-β/δ: Widely 
Expressed, But Still Incompletely Understood

Although PPAR-β/δ is widely expressed in most cell types, its role is less fully 
characterized. PPAR-β/δ participates in fatty acid oxidation and utilization, as seen 
on in vitro studies in skeletal muscle and adipocytes. In the cardiomyocyte, specifi-
cally, overexpression of PPAR-β/δ results in increased glucose metabolism and 
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diminished lipid accumulation in the presence of a high-fat diet. In turn, decreased 
expression of PPAR-β/δ has been suggested during hyperglycemic in diabetes mel-
litus, suggesting that PPAR-β/δ activation may help limit diabetic cardiomyopathy. 
PPAR-β/δ-deficient mice exposed to a high-fat diet were prone to obesity, while 
PPAR-β/δ activation helped protect against either nutritionally or genetically trig-
gered obesity [5]. PPAR-β/δ has also been found to play an important part in wound 
healing and inflammatory responses in skin [35]. One report suggested that PPAR- -
β/δ activation might limit inflammation by sequestering the pro-inflammatory co- 
activator BCL-6  in macrophages [36]. Bezafibrate, a traditional PPAR-α agonist, 
may also activate PPAR-β/δ but with low potency and low affinity to it [5]. Of note, 
unlike PPAR-γ and PPAR-α, no PPAR-β/δ agonist has ever made it to clinical use, 
perhaps because of side effects or other issues, which may underlie the more the 
more limited research into PPAR-β/δ.

 Peroxisome Proliferator-Activated Receptors in Vascular 
Biology and Atherosclerosis

The effects of PPAR-γ and PPAR-α agonists on vascular biology and atherosclero-
sis are an obvious issue given the patient populations that receive these drugs. 
Thiazolidinediones are used in patients with DM, and thus in patients with well- 
defined increased risk for cardiovascular events [10]. Fibrates are used to treat 
patients with increased triglycerides and often low HDL, a profile with increased 
cardiovascular risk and often seen among patients with insulin resistance and/or 
diabetes [24]. Theoretically, PPAR agonists could have vascular benefits based on 
their various metabolic effects—improving insulin sensitivity, lowering glucose and 
raising HDL. An alternative but not mutually exclusive hypothesis has been direct 
vascular and inflammatory effects, given the evidence that PPARs are expressed in 
those cell types [4, 37]. All PPAR isoforms are now known to be expressed in endo-
thelial cells (ECs), vascular smooth muscle cells (VSMCs), and monocytes/macro-
phages and T-lymphocytes [38–40]. An increasing amount of data continues to 
identify various PPAR-regulated target genes known to be involved in atherosclero-
sis. Moreover, this data extends to in vivo studies in both rodents and humans.

 Peroxisome Proliferator-Activated Receptor-γ 
in Inflammation, Vascular Biology and Atherosclerosis

Early reports established not only that PPAR-γ was expressed in monocytes, macro-
phages and human atherosclerosis, but also that PPAR-γ agonists could repress 
expression of inflammatory cytokines and matrix metalloproteinases (MMPs) 
implicated in atherosclerosis and/or its complications [40, 41]. To some extent, the 
clinical trial evidence with PPAR-γ agonists has pushed the field beyond 
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consideration of the preclinical effects of these agents. Nevertheless, review of such 
data is of value given insight provided into vascular biology and atherosclerosis, 
potential relevance as the generation of endogenous PPAR ligands continues to be 
considered, and potential insight into additional PPAR therapeutics.

The initial observations regarding PPAR-γ inflammation and atherosclerosis 
were countered by reports that PPAR-γ agonists could also increase the expression 
of CD36, a receptor mediating uptake of oxidized LDL, possibly promoting foam 
cell formation [42]. Subsequent studies identified coordinated induction by both 
PPAR-γ and PPAR-α of ABCA1, an important effector of cholesterol efflux, which 
would potentially offset concerns regarding any CD36 effects [43–45].

Interestingly, TZDs have opposite effects on CD36 in  vivo, decreasing their 
expression levels [46]. Aside from macrophages, PPAR-γ activation in VSMC 
decreases the proliferation and migration of these cells and their production of 
MMPs and endothelin-1 [47–50]. The latter target suggests one possible mechanism 
accounting for the small but reproducible decrease in blood pressure seen with 
PPAR-γ agonists [51]. Consistent with the effects seen in macrophages, PPAR-γ 
agonists repress inflammatory cytokine production in T-lymphocytes [52]. In ECs, 
PPAR-γ may decrease adhesion molecule expression although the results are vari-
able, pointing out a limitation of a field that has depended heavily on synthetic 
agonists as experimental tools, with all the attendant concerns of pharmacological 
studies: physiological relevance, receptor dependence, dose dependence, and toxic-
ity effects to name a few [53, 54]. One example of the potential complexities 
involved is evident in the reported relationship between PPAR-γ ligands and plas-
minogen activator inhibitor 1 (PAI-1) levels. Several reports indicate that PPAR-γ 
ligands may increase the expression of PAI-1, a pro-coagulant, pro-atherosclerotic 
response. Other laboratories find a PPAR-γ-mediated repression of PAI-1 [55–57]. 
Others reported the inhibition of PAI-1 expression [58]. In humans, PPAR-γ ligands 
appear to decrease circulating PAI-1, although this may be a manifestation of 
improved glycemic control, less insulin resistance, or lower triglycerides [51]. In 
vivo, PPAR-γ ligands have been given to various different mouse models of athero-
sclerosis. In general, these studies have all shown decreases in the atherosclerotic 
lesions with PPAR-γ agonists [41]. Surrogate marker studies in humans suggest 
PPAR-γ agonists in clinical use may lower the levels of circulating MMP9, replicat-
ing the responses seen in vitro with VSMCs and macrophages and in alignment with 
the IRIS clinical trial results noted earlier [47, 59–61]. PPAR-γ agonists also 
decrease circulating levels of C-reactive protein (CRP) and levels of CD40 ligand 
(CD40L), both suggestive of anti-inflammatory effects [60]. Several PPAR-γ ago-
nists have been found to decrease carotid intimal-medial thickness, a parameter 
linked with cardiovascular risk [62, 63]. Independent of these direct effects on ath-
erosclerosis, it remains possible that PPAR-γ agonists could limit atherosclerosis 
and/or inflammation indirectly by delaying or even preventing diabetes, as has been 
suggested in some studies [64]. Any such benefits must be gauged against any 
potential toxicity or adverse outcomes seen with TZDs, like edema and weight gain. 
The recent significant positive CV outcome data with other diabetes medications 
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have tempered enthusiasm for the role of these agents in reducing CV risk although 
their potent effects on directly decreasing insulin resistance have not been sup-
planted with other therapeutic options.

 Peroxisome Proliferator-Activated Receptors in Vascular 
Biology, Inflammation and Atherosclerosis

A similar but distinct picture as to the one described for PPAR-γ, emerged for 
PPAR-α and its potential role in the vasculature and inflammation. PPAR-α is also 
known to be expressed in most vascular and inflammatory cells [37]. PPAR-α acti-
vation can favorably alter the expression of a number of genes that are involved in 
well-established pathways strongly implicated in atherosclerosis and inflammation. 
As with PPAR-g, attention has shifted away from fibrates as clinical agents although 
interest remains, especially given continued work on unique agents like pemafi-
brate, the possibility of icosapent ethyl acting via PPAR-a, the mechanistic insight 
provided through PPAR-a studies and the prospect of PPAR mechanisms having 
relevance in other disease settings with unmet needs, like non-alcoholic 
steatohepatitis.

PPAR-α ligands clearly limit the inflammatory cytokine induction of adhesion 
molecules in endothelial cells [48, 53], an effect that is absent in microvascular cells 
lacking PPAR-α [38, 39]. The salutary benefits of omega-3 fatty acids may derive in 
part from PPAR-α activation with certain fatty acids limiting adhesion molecule 
expression and leukocyte adhesion in vivo in wild-type but not PPAR-α-deficient 
mice (Fig. 4.1) [65]. Interestingly, both omega-3 fatty acids and PPAR-α ligands can 
also limit the expression of tissue factor, a protein found in macrophages and 
thought to be a major contributor to plaque thrombogenicity [66, 67]. PPAR-α has 
also been found in VSMCs in which it represses the responses to inflammatory 
cytokines and, in limited data, decreased CRP levels [68]. Similar PPAR-α effects 
on CRP have been recently suggested in transgenic mice as well [69, 70]. Like 
PPAR-γ, PPAR-α ligands have been found to induce expression of the cholesterol 
efflux mediator ABCA1 [43]. In T-lymphocytes, PPAR-α ligands repress the expres-
sion of inflammatory cytokines like interferon-L, tumor necrosis factor-F and inter-
leukin- 2, suggesting the potential for proximal upstream anti-inflammatory 
modulation [52]. One way in which PPAR-α activation may exert these effects is by 
limiting NF-kB activation. The clinical trials using fibrates, initially reviewed ear-
lier, offer some insight into the cardiovascular effects of PPAR-α agonists. In the 
Veterans Affairs HDL Intervention Trial, patients with a prior history of cardiovas-
cular disease and a relatively average LDL, low HDL, and only modestly elevated 
triglycerides, experienced fewer recurrent cardiac events in response to the fibrate 
gemfibrozil as compared to placebo, as especially evident in those with diabetes, 
while clinical trials with fenofibrate or fenofibrate added to statins showing only 
secondary endpoints with CV benefit [28].
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 Endogenous Peroxisome Proliferator-Activated Receptor 
Activation: New Connections Between Fatty Acids, Lipid 
Metabolism and Peroxisome Proliferator-Activated 
Receptor Responses

The metabolic benefits seen with synthetic PPAR agonists along with their potential 
effects on inflammation and atherosclerosis combine with the importance of PPARs 
in regulating energy balance frames a fundamental question: what endogenous mol-
ecules does the body make to activate these receptors? Presumably, such natural 
ligands replicate or even surpass the effects of synthetic PPAR drugs, possibly pro-
tecting individuals from diabetes mellitus, dyslipidemia and/or atherosclerosis. 
Early studies into endogenous PPAR agonists focused mainly on specific candidate 
molecules. Oxidized linoleic acid in the form of 9 or 13 hydroxyoctadecanoic acid 
(HODE) appears to activate PPAR-γ [71], although it also has PPAR-α activity as 
well [38]. The prostaglandin metabolite 15-deoxy-D12, 14-prostaglandin J2 (15d- 
PGJ2) [23, 72] reportedly activates PPAR-γ agonist, although it can also act on IPB 
kinase and is of unclear physiologic significance [73, 74]. The greater biological 
effects seen with 15d-PGJ2 despite its lower PPAR-γ-binding affinity may result 
from its PPAR-independent effects on IPB kinase [73, 75]. Oxidized linoleic acid 
(HODE) is generated by 15 lipoxygenase [76] and activates PPAR-γ and PPAR-α 
[38, 42, 77, 78]. Leukotriene B4 may be an endogenous PPAR-α ligand that termi-
nates inflammation [79]. The identity of endogenous PPAR-α ligands has also been 
investigated. Early landmark experiments reported that certain fatty acids could 
activate PPARs, a great advance in the field [80–82]. However, the physiological 
significance of those important observations was less clear, because the fatty acid 
effects seen required high concentrations of fatty acids (100–300 mM) and were not 
tested in vivo. Moreover, the link between endogenous lipid metabolism and subse-
quent PPAR activation remained obscure as did the mechanisms that might underlie 
selective PPAR isoform activation by natural ligands-like fatty acids.

Given that PPAR isoforms are differentially regulated, it seems unlikely that 
endogenous PPAR activation is indiscriminate as to PPAR isotype. Subsequent 
work advanced insight into endogenous PPAR activation. McIntyre and colleagues 
reported that lysophosphatidic acid could bind to and activate PPAR-γ [83]. 
Oleylethanolamide, a fatty acid analog, was found to regulate feeding by activating 
PPAR-α [84]. An alternative approach to understanding PPAR agonists is to inves-
tigate not specific candidate molecules but rather pathways that generated endog-
enous PPAR ligands. Through such studies, insight might be gained into PPAR 
function under more physiological conditions, connect pathways of lipid metabo-
lism to PPAR activation and perhaps account for selective PPAR responses. It has 
been established that lipoprotein lipase (LPL), the primary enzyme in triglyceride 
metabolism, acts on triglyceride-rich lipoproteins like very low-density lipoprotein 
(VLDL) to generate PPAR ligands [39, 44]. These effects depended on intact LPL 
catalytic activity and were absent in response to LPL’s known non-catalytic lipid 
uptake [39]. Moreover, these studies revealed striking specificity in regard to lipid 
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substrate (VLDL ≫  LDL  >  HDL) (Fig.  4.2). LPL hydrolysis may also explain 
selective PPAR activation, perhaps as a function of different cells and tissues. 
Although we observed LPL acted on VLDL to preferentially generate PPAR-α 
ligands, Evans and colleagues reported that LPL treatment of VLDL could also 
activate PPAR-β/δ in macrophages [44]. Of note, mouse macrophages may have 
relatively low levels of PPAR-α, which may contribute to the greater PPAR-β/δ 
response seen [85]. Lipolytic PPAR activation may also be specific in regard to 
different lipases and specific fatty acids. For example, we found that other lipases, 
like phospholipases D, C, A2, failed to activate PPAR-α despite releasing equiva-
lent amounts of fatty acids as LPL [86]. This was presumed to be a result of the 
release of different fatty acids, as defined by both the lipase and the lipoprotein 
substrates. Interestingly, LPL action also replicated the effects of synthetic PPAR-α 
agonists on inflammation, decreasing VCAM-1 expression in a PPAR-α-dependent 
manner [38, 39]. This data suggests an anti-inflammatory role for LPL, a mecha-
nism that could explain the protection against atherosclerosis enjoyed by individu-
als with intact, efficient lipolytic pathways (i.e., individuals with normal triglyceride 
and higher HDL levels). Such data may also connect to findings, for example, with 
individuals with a genetic loss of ApoC3, an endogenous LPL inhibitor. 
Interestingly, extensive data established that patients with DM typically have ele-
vated free fatty acids [87]. Other lines of well-done and carefully executed studies 
indicate that LPL overexpression in muscle induces insulin resistance [88, 89]. 
Several possibilities might help reconcile these two sets of data. First, fatty acids 
are often referred to in a generic sense when, in fact, great differences exist between 
various fatty acids, for example, ranging from the responses to omega-3 fatty acids, 
with their likely cardio- protective effects, to saturated fatty acids and their reported 
pro-atherosclerotic effects [90, 91]. Thus, the elevated fatty acids in the circulation 
of patients with diabetes may differ from fatty acids produced by LPL, a significant 
percentage of which would be taken up by tissues as opposed to being present in 
the circulation. Moreover, these elevated fatty acids arise not out of the physiologi-
cal function of LPL but rather abnormal metabolism. The DM seen in animal mod-
els overexpressing LPL in skeletal muscle is also associated with massive 
accumulation of triglycerides in these tissues [92]. Thus, the important observa-
tions from these experiments may not necessarily be a result of intact physiologic 
LPL action. Indeed, humans with LPL mutations that confer a gain of LPL func-
tion are associated with lower triglyceride levels, higher HDL and apparent protec-
tion against atherosclerosis [93]. The observations regarding the role of 
mitochondria as the main site of fatty acid oxidation in humans by Shulman and 
colleagues only add insight into the role of fatty acids in determining biological 
responses [94–96].

As mentioned, new formulations of PPAR agonists have been developed, along 
the lines of SPPARM agents, including dual PPAR-α/γ agonists, which may com-
bine anti-diabetic, anti-inflammatory, anti-coagulant and/or anti-atherosclerotic 
action. Whether any of these novel PPAR agents will avoid prior or new reported 
adverse effects and offer benefits that allows them to be brought forward remains to 
be seen [17].
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 Conclusion

From a biologic perspective, PPARs are clearly central mediators that control gene 
expression and transcriptional programs that are at the crossroads of metabolism, 
inflammation and atherosclerosis. As such, PPARs are of inherent relevance to com-
mon clinical scenarios where such issues arise, including diabetes, prediabetes and 
cardiovascular disease, while the prospect of the action of these nuclear receptors 
leading to therapeutic opportunities remains. Even with the controversies seen with 
clinical trial data using prior PPAR agonists, advancing science will continue to 
return to PPARs given the centrality of their involvement in metabolism, inflamma-
tion and atherosclerosis, as is already evident with data regarding omega-3 fatty 
acids, genetic variants associated with decreased CV risk, e.g., LPL function, and 
ongoing clinical trials with novel agents, like pemafibrate, and consideration of 
other clinical settings, like NASH.
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Chapter 5
Diabetes and Thrombosis

David J. Schneider

 Diabetes and Vascular Disease

Complications of macrovascular disease are responsible for 50% of the deaths in 
patients with type 2 diabetes mellitus, 27% of the deaths in patients with type 1 
diabetes for 35 years or less, and 67% of the deaths in patients with type 1 diabetes 
for 40 years or more [1, 2]. The rapid progression of macroangiopathy in patients 
with type 2 diabetes may reflect diverse phenomena; some intrinsic to the vessel 
wall; angiopathic factors such as elevated homocysteine [3], uncoupled nitric oxide 
synthase and superoxide generation [4], and hyperlipidemia; deleterious effects of 
insulin resistance [5] and dysinsulinemia, and excessive or persistent microthrombi 
secondary to a prothrombotic and antifibrinolytic state with consequent acceleration 
of vasculopathy secondary to clot-associated mitogens [6, 7]. As a result of these 
phenomena, cardiovascular mortality is as high as 15% in the 10 years after the 
diagnosis of diabetes mellitus becomes established [8]. Because more than 90% of 
patients with diabetes have type 2 diabetes and because macrovascular disease is the 
cause of death in most patients with type 2 as opposed to type 1 diabetes, type 2 
diabetes will be the focus of this chapter. In addition to coronary artery disease, 
patients with type 2 diabetes have a high prevalence and rapid progression of periph-
eral arterial disease, cerebral vascular disease, and complications of percutaneous 
coronary intervention including restenosis [9].

Diabetes mellitus is associated with diverse derangements in platelet function, 
the coagulation, and the fibrinolytic system, all of which can contribute to 
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Table 5.1 The potential impact of insulin resistance and diabetes on thrombosis

Factors predisposing to thrombosis

• Increased platelet mass
• Increased platelet activation
 – Platelet aggregation
 – Platelet degranulation
 – Platelet cAMP and cGMP
 – Thromboxane synthesis
• Increased procoagulant capacity of platelets
• Elevated concentrations and activity of procoagulants
 – Fibrinogen
 – von Willebrand factor and procoagulant activity
 – Thrombin activity
 – Factor VII coagulant activity
• Decreased concentration and activity of antithrombotic factors
 – Antithrombin III activity
 – Sulfation of endogenous heparin
 – Protein C concentration

Modified from Schneider DJ and Sobel BE. Coron. Artery Dis. 3:26–32, 1992

Table 5.2 The potential impact of insulin resistance and diabetes on fibrinolysis

Factors attenuating fibrinolysis

• Decreased t-PA activity
• Increased PAI-1 synthesis and activity
 – Directly increased by insulin
 – Increased by hyperglycemia
 – Increased by hypertriglyceridemia and increased FFA (free fatty acids)
 –  Synergistically increased by hyperinsulinemia combined with elevated triglycerides and 

FFA
• Decreased concentrations of α2-antiplasmin

Modified from Schneider DJ and Sobel BE. Coron. Artery Dis. 3:26–32, 1992

prothrombotic state (Tables 5.1 and 5.2). Some are clearly related to metabolic 
derangements, particularly hyperglycemia. Others appear to be related to insulin 
resistance and associated hyperinsulinemia. In the material to follow, we will con-
sider mechanisms exacerbating thrombosis as pivotal factors in the progression of 
atherosclerosis and their therapeutic implications.

 Thrombosis and Atherosclerosis

Thrombosis appears to be a major determinant of the progression of atherosclerosis. 
In early atherosclerosis, microthrombi present on the luminal surface of vessels [10, 
11] can potentiate progression of atherosclerosis by exposing the vessel wall to 
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clot- associated mitogens. In later stages of atherosclerosis, mural thrombosis is 
associated with growth of atherosclerotic plaques and progressive luminal occlu-
sion, exacerbated in diabetes because of impaired compensatory vascular remodel-
ing [12].

The previously conventional view that high-grade occlusive, stenotic coronary 
lesions represent the final step in a continuum that begins with fatty streaks and 
culminates in high-grade stenosis has given way to a different paradigm because of 
evidence that thrombotic occlusion is frequently the result of repetitive rupture of 
minimally stenotic plaques. Thus, as many as two thirds of lesions responsible for 
acute coronary syndromes are minimally obstructive (less than 50% stenotic) at a 
time immediately before plaque rupture [13, 14]. Multiple episodes of disruption of 
lipid-rich plaques and subsequent thrombosis appear to be responsible for intermit-
tent plaque growth that underlies occlusive coronary syndromes [15, 16]. While 
plaque erosion has been recognized as an important cause of acute coronary syn-
dromes [17, 18], characterization of plaque morphology in patients with diabetes 
plus acute coronary syndrome demonstrates a greater incidence of thin-capped ath-
eroma with a large lipid core none to be prone to plaque rupture [18].

The extent of thrombosis in response to plaque rupture depends upon factors 
potentiating thrombosis (prothrombotic factors), factors limiting thrombosis (anti-
thrombotic factors), and the local capacity of the fibrinolytic system reflecting a 
balance between activity of plasminogen activators and their primary physiologic 
inhibitor, and plasminogen activator inhibitor type-1 (PAI-1). Activity of plasmino-
gen activators leads to the generation of plasmin, an active serine proteinase, from 
plasminogen, an enzymatically inert circulating zymogen present in high concentra-
tion (~2 μM) in blood. The activity of plasmin is limited by inhibitors such as α2 
macroglobulin.

When only limited thrombosis occurs because of active plasmin-dependent fibri-
nolysis at the time of rupture of a plaque, plaque growth may be clinically silent. 
When thrombosis is exuberant because of exaggerated thrombin generation, 
enhanced platelet activation typical of diabetes [19], and limited fibrinolysis, an 
occlusive thrombus can give rise to an acute coronary syndrome (acute myocardial 
infarction, unstable angina, or sudden cardiac death).

The principle components of thrombi are fibrin and platelets. Other plasma pro-
teins and white blood cells are incorporated to a variable extent. The rupture of an 
atherosclerotic plaque initiates coagulation and adhesion of platelets because of 
exposure to blood of surfaces denuded of endothelium and to constituents of the 
vessel wall such as collagen. Coagulation is initiated in the tissue factor pathway, 
activated by hyperinsulinemia and hyperglycemia [20], by tissue factor, a cell 
membrane- bound glycoprotein [21–23]. Membrane-bound tissue factor binds cir-
culating coagulation factor VII/VIIa to form the coagulation factor “tenase” com-
plex that activates both circulating coagulation factors IX and X expressed on 
activated macrophages, monocytes, fibroblasts, and endothelium in response to 
cytokines in the region of the ruptured plaque. Subsequent assembly of the “pro-
thrombinase” complex on platelet and other phospholipid membranes leads to gen-
eration of thrombin. Availability of platelet factor Va is a key constituent of the 
initial prothrombinase complex. Subsequently, thrombin activates coagulation 
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factor V in blood to form Va. Thrombin, in turn, cleaves fibrinogen to form fibrin. 
The generation of thrombin is sustained and amplified initially by its activation of 
circulating coagulation factors VIII and V. Thrombin generation is sustained by acti-
vation of other components in the intrinsic pathway including factor XI. Platelets 
are activated by thrombin, and activated platelets markedly amplify generation of 
thrombin.

A complex feedback system limits generation of thrombin. The tissue factor 
pathway becomes inhibited by tissue factor pathway inhibitor (TFPI) previously 
called lipoprotein-associated coagulation inhibitor (LACI). Furthermore, thrombin 
attenuates coagulation by binding to thrombomodulin on the surface of endothelial 
cells. The complex activates protein C (to yield protein Ca) that, in combination 
with protein S, cleaves (inactivates) coagulation factors Va and VIIIa.

Exposure of platelets to the subendothelium after plaque rupture leads to their 
adherence mediated by exposure to both collagen and multimers within the vessel 
wall of von Willebrand factor [24, 25]. The exposure of platelets to agonists includ-
ing collagen, von Willebrand factor, ADP (released by damaged red blood cells and 
activated platelets), and thrombin leads to further platelet activation. Activation is a 
complex process that entails shape change (pseudopod extension that increases the 
surface area of the platelet); activation of the surface glycoprotein IIb/IIIa; release 
of products from dense granules such as calcium, ADP, and serotonin and from 
alpha granules such as fibrinogen, factor V, growth factors, and platelet factor 4 that 
inhibits heparin; and a change in the conformation of the platelet membrane that 
promotes binding to phospholipids and assembly of coagulation factors.

Activation of surface glycoprotein IIb/IIIa results in a conformational change 
that exposes a binding site for fibrinogen on the activated conformer [26]. Each 
molecule of fibrinogen can bind two platelets, thereby leading to aggregation. 
Surface expression of P-selectin leads to the formation of platelet–leukocyte aggre-
gates and to the activation of monocytes and neutrophils [27].

After activation, the plasma membranes of platelets express negatively charged 
phospholipids on the outer surface that facilitate the assembly of protein constitu-
ents and subsequently activity of the tenase and prothrombinase complexes [23]. 
Thus, platelets are participated in thrombosis by (1) forming a hemostatic plug 
(shape change, adherence to the vascular wall and aggregation with other platelets 
and with leukocytes); (2) supplying coagulation factors and calcium (release of 
alpha and dense granule contents); (3) providing a surface for the assembly of coag-
ulation factor complexes; and (4) simulating vasoconstriction by releasing throm-
boxane and other vasoactive substances.

As noted previously, thrombosis-complicating plaque rupture can occlude the 
lumen entirely or, when limited, contribute in a stepwise fashion over time to pro-
gressive stenosis. Mechanisms by which thrombi can contribute to plaque growth 
include incorporation of an organized thrombus into the vessel wall [28]. Exposure 
of vessel wall constituents to clot-associated mitogens and cytokines can accelerate 
neointimalizaiton and migration and proliferation of vascular smooth muscle cells in 
the media. Fibrin and fibrin degradation products promote the migration of vascular 
smooth muscle cells and are chemotactic for monocytes [29]. Thrombin itself and 
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growth factors released from platelet alpha granules such as platelet-derived growth 
factor and transforming growth factor beta activate smooth muscle cells potentiating 
their migration and proliferation [30–33]. The powerful role of platelets has been 
demonstrated by a reduction in the proliferation of smooth muscle cells after 
mechanical arterial injury in thrombocytopenic rabbits with atherosclerosis [34].

Both local and systemic factors can influence the extent of thrombosis likely to 
occur in association with plaque rupture. The morphology and biochemical compo-
sition of the plaque influence thrombogenic potential. Atheromatous plaques with 
substantial lipid content are particularly prone to initiate thrombosis in contrast to the 
antithrombotic characteristics of the luminal surface of the normal vessel wall [35].

Both the severity of vascular injury and the extent of plaque rupture influence the 
extent to which blood is exposed to subendothelium and consequently to thrombo-
genicity. The balances between the activity of prothrombotic factors and antithrom-
botic factors in blood and between thrombogenicity and fibrinolytic system capacity 
are important determinants of the nature and extent of a thrombotic response to 
plaque rupture. In subjects with type 2 diabetes, the balances between determinants 
are shifted toward potentiation and persistence of thrombosis and, hence, toward 
acceleration of atherosclerosis [36]. The same is true in patients with syndromes of 
insulin resistance (the metabolic syndrome) [37].

 Platelet Function in Subjects with Diabetes Mellitus

The activation of platelets and their participation in a thrombotic response to rupture 
of an atherosclerotic plaque are critical determinants of the extent of thrombosis, 
incremental plaque growth, and the development of occlusive thrombi. Increased 
adherence of platelet to vessel walls manifesting early atherosclerotic changes and 
the release of growth factors from alpha granules can exacerbate the evolution of 
atherosclerosis. Evidence of increased activity of platelets in patients with diabetes 
is reflected by increased concentrations in blood of soluble CD40 (a platelet released 
mediator of thrombosis and inflammation) and P-selectin (reflecting platelet activa-
tion) [36]. Patients with diabetes, particularly those with macrovascular disease, 
have an increased circulating platelet mass secondary to increased ploidy of mega-
karyocytes [37]. Activation of platelets is increased with type 2 diabetes, mediated 
in part by increased VLDL and remnant lipoprotein particles [38, 39]. This is 
reflected by increased concentrations in urine of a metabolite of thromboxane A2, 
thromboxane B2, and by the spontaneous aggregation of platelets [40–42] in blood. 
The prevalence of spontaneous aggregation of platelets correlates with the extent of 
elevation of concentrations of HbA1c [41]. Stringent glycemic control decreases 
concentrations in urine of thromboxane B2 [40, 42]. In addition, platelets isolated 
from the blood of subjects with diabetes exhibit impaired vasodilatory capacity 
[43], apparently mediated by release of a short-acting platelet-derived substance(s) 
that interferes with the ADP-induced dilatory response seen in normal vessels with 
intact endothelium [44].
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 Evidence of Increased Platelet Reactivity

Platelets from subjects with both type 1 and 2 diabetes are hyperreactive [45–49] 
and in normal subjects subjected to combined hyperglycemia and hyperinsulinemia 
[50]. Platelet aggregometry performed with platelet-rich plasma and with suspen-
sions of washed platelets in buffers from people with diabetes and control subjects 
has demonstrated increased aggregation of platelets in response to agonists such as 
ADP, epinephrine, collagen, arachidonic acid, and thrombin. In addition, spontane-
ous (in the absence of added agonists) aggregation of platelets from subjects with 
diabetes is increased compared with aggregation of those from nondiabetic subjects 
[48], mediated in part by increased expression of platelet FcgammaRIIa receptor 
[51–54] and by the collagen receptor, glycoprotein VI [55, 56].

Platelets from subjects with diabetes exhibit increased degranulation in response 
to diverse stimuli. The capacity to promote growth of smooth muscle cells in vitro 
is greater as shown by exposure of vascular smooth muscle cells to platelets from 
subjects with poorly controlled compared with well controlled diabetes [57, 58]. 
Because alpha granules contain growth factors, the enhanced growth promoting 
activity of platelets from subjects with poorly controlled diabetes appears likely to 
be secondary to increased alpha granule degranulation.

The threshold for induction of release of substances residing in dense granules in 
response to thrombin is lower in platelets from diabetic compared with nondiabetic 
subjects [59]. In addition, the procoagulant capacity of platelets from subjects with 
diabetes mellitus is increased [60, 61]. Thus, the generation of coagulation factor 
Xa and of thrombin is increased by three- to sevenfold in samples of blood contain-
ing platelets from diabetic compared with those from nondiabetic subjects [61].

In patients with diabetes, adhesion of platelets is increased because of increased 
surface expression of glycoprotein Ib-IX [62]. The binding of von Willebrand factor 
multimers expressed on endothelial cells to glycoprotein Ib-IX mediates adherence 
and promotes subsequent activation of platelets. Adherence is promoted also by 
increased concentrations of and activity of von Willebrand factor [62, 63]. 
Circulating von Willebrand factor stabilizes the coagulant activity of circulating 
coagulation factor VIIIa [64].

An altered cellular distribution of guanine nucleotide binding proteins 
(G-proteins) appears to contribute to the increased reactivity of platelets in people 
with diabetes mellitus [65]. Platelet reactivity would be expected to be increased by 
the decreased concentrations of inhibitory G-proteins that have been reported [66]. 
In addition, platelet reactivity would be increased by the greater turnover of phos-
phoinositide and consequent intraplatelet release of calcium that have been seen 
[67, 68].

As noted above, activation of platelets leads to the expression of specific con-
formers of specific glycoproteins. Determination of the percentage of platelets 
expressing activation-dependent markers with flow cytometry can be used to delin-
eate the extent of platelet activation that has occurred in vivo. Increased surface 
expression of CD63 (a marker of lysosomal degranulation), thrombospondin (a 
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marker of alpha granule degranulation), and CD62 (also called P-selectin), another 
marker of alpha granule degranulation, has been observed with platelets isolated 
from patients with newly diagnosed diabetes and those with advanced diabetes 
regardless of whether or not overt macrovascular complications were present [69, 
70]. The increased plasminogen activator type-1 inhibitor (PAI-1) in plasma (see 
below) in patients with diabetes is associated with a paradoxically decreased plate-
let content of PAI-1 [71], consistent with the possibility that release of PAI-1 from 
the platelets may contribute to the increased PAI-1 in blood.

Platelet survival is reduced in subjects with diabetes. The reduction is most pro-
nounced in those with clinical evidence of vascular disease [72]. Thus, it appears to 
be more closely correlated with the severity of vascular disease [73] than with the 
presence of diabetes per se. Accordingly, the decreased survival of platelets may be 
both a marker of extensive vascular disease and a determinant of its severity.

Adherence of platelets to vessel walls early after injury resulting in de- 
endothelialization is similar in diabetic and nondiabetic animals [74]. By contrast, 
increased adherence of platelets to injured arterial segments 7  days after injury 
occurs in diabetic BB Wistar rats compared with that in control animals. A contin-
ued interaction of platelets with the vessel wall after injury is likely to be related to 
a decreased rate of healing and re-endothelialization in diabetic animals rather than 
to an increased propensity for adherence per se [75]. Regardless, continued interac-
tion of platelets with the vessel wall and continued exposure of the vessel wall to 
growth factors released from alpha granules of platelets are likely to accelerate and 
exacerbate atherosclerosis.

 Mechanisms Responsible for Hyperreactivity of Platelets 
in People with Diabetes

Increased expression of the surface glycoproteins Ib and IIb/IIIa has been observed 
in platelets from subjects with both type 1 and type 2 diabetes [62]. Glycoprotein Ib/
IX binds to von Willebrand factor in the subendothelium and is responsible for 
adherence of platelets at sites of vascular injury. Interaction between glycoprotein 
Ib/IX and von Willebrand factor leads to activation of platelets. Activation of glyco-
protein IIb/IIIa leads to the binding of fibrinogen and aggregation of platelets. Thus, 
increased expression of either or both of these two surface glycoproteins is likely to 
contribute to the increased reactivity that has been observed platelets from people 
with diabetes. Overexpression of the FcgammaRIIa [51–56] and increased GP VI 
signaling [55, 56] may contribute as well.

Winocour and his colleagues have shown an association between decreased 
membrane fluidity and hypersensitivity of platelets to thrombin [76]. Reduced 
membrane fluidity may be a reflection of increased glycation of membrane proteins. 
A reduction in membrane fluidity occurs following incubation of platelets in media 
containing concentrations of glucose similar to those seen in blood from subjects 
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with poorly controlled diabetes. Because membrane fluidity is likely to alter mem-
brane receptor accessibility by ligands, reduced membrane fluidity may contribute 
to hypersensitivity of platelets. Accordingly, improved glycemic control would be 
expected to decrease glycation of membrane proteins, increase membrane fluidity, 
and decrease hypersensitivity.

Intracellular mobilization of calcium is critical in several steps involved in the 
activation of platelets. Platelets from subjects with type 2 diabetes exhibit increased 
basal concentrations of calcium [77]. Increased phosphoinositide turnover, increased 
inositide triphosphate production, and increased intracellular mobilization of cal-
cium are evident in response to exposure to thrombin of platelets from subjects with 
type 2 diabetes [78]. The increased concentrations of several second messengers 
may contribute to the hypersensitivity seen in platelets from patients with diabetes. 
In addition, increased production of thromboxane A2 may contribute to the increased 
platelet reactivity [43, 45].

We have found that the osmotic effect of increased glucose concentrations 
increases directly platelet reactivity [79]. Exposure of platelets in  vitro to 
increased concentrations of glucose is associated with increased activation of 
platelets in the absence and presence of added agonist. Exposure of platelets to 
isotonic concentrations of glucose or mannitol increases platelet reactivity to a 
similar extent [79]. Thus, the osmotic effect of hyperglycemia on platelet reactiv-
ity may contribute to the greater risk of death and re-infarction that has been 
associated with hyperglycemia in patients with diabetes and myocardial infarc-
tion [80–82].

Insulin alters reactivity of platelets [83]. Exposure of platelets to insulin 
decreases platelet aggregation in part by increasing synthesis of nitric oxide that, 
in turn, increases intraplatelet concentrations of the cyclic nucleotides, cyclic 
guanosine monophosphate, and cyclic adenosine monophosphate. Both of these 
cyclic nucleotides are known to inhibit activation of platelets. Thus, it is not sur-
prising that an insulin concentration-dependent increase in nitric oxide produc-
tion exerts anti- aggregatory effects. Insulin deficiency typical of type 1 diabetes 
and seen in advanced stages of type 2 diabetes may contribute to increased plate-
let reactivity by decreasing the tonic inhibition of platelet reactivity otherwise 
induced by insulin. Furthermore, abnormal insulin signaling may contribute in 
subjects with type 2 diabetes. Insulin decreases platelet aggregation and adhesion 
in patients without diabetes, an effect not seen in those with type 2 diabetes [84]. 
Accordingly, the increased resistance to insulin typical of type 2 diabetes may 
contribute to increased platelet reactivity by decreasing tonic inhibition of plate-
lets that would have been induced otherwise by the high prevailing concentration 
of insulin.

Constitutive synthesis of nitric oxide is reduced in platelets from subjects with 
both type 1 and type 2 diabetes [85]. The oxidative stress associated with diabetes 
and its uncoupling of nitric oxide synthase from arginine can exacerbate endothelial 
dysfunction and activation of platelets secondary to generation of superoxide [4, 
86]. Thus, tonic inhibition of platelets as well as insulin-dependent suppression of 
reactivity may be reduced in subjects with diabetes.
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 Antiplatelet Therapy and Diabetes

While several studies have identified beneficial cardiovascular effects of aspirin for 
primary prevent in people with diabetes, a meta-analysis that included results from 
33,679 demonstrated that the use of aspirin for primary prevention of cardiovascular 
disease in patients with diabetes mellitus increases the risk of total bleeding without 
reducing the risk of major adverse cardiovascular outcomes [87]. Considered 
together, data acquired in vitro and in vivo suggest that platelets from subjects with 
diabetes are hypersensitive to diverse agonists. Unfortunately, currently available 
antiplatelet therapy does not restore normal responsiveness to platelets from sub-
jects with diabetes. In animal preparations simulating selected aspects of diabetes, 
platelets remain hypersensitive to thrombin despite administration of aspirin [88]. 
Furthermore, responses to aspirin are suboptimal in people with diabetes [89–91]. 
These observations suggest that the hypersensitivity is not a reflection of generation 
of thromboxane A2, and that the treatment of subjects with diabetes with aspirin (as 
is being done often inferentially) is unlikely to decrease platelet reactivity to the 
level typical of that seen with platelets from nondiabetic subjects. Because hyper-
glycemia per se appears to increase platelet reactivity, improved glycemic control is 
a critical component of the antithrombotic regimen.

Platelet hyperreactivity has been observed before and during treatment with 
clopidogrel [48, 92, 93]. This increased platelet reactivity has been associated with 
a greater risk of subsequent cardiovascular events [92]. Higher doses of clopidogrel 
suppress platelet reactivity in patients with diabetes to a greater extent, but the effect 
remains heterogeneous and uniform suppression of platelet hyperreactivity was not 
seen [94]. Furthermore, withdrawal of cloplidogrel is associated with proinflamma-
tory and prothrombotic effects [95]. These results suggest that patients with diabe-
tes are likely to benefit from more powerful antiplatelet regimens. Ticagrelor, a 
more powerful P2Y12 antagonist was shown to be more effective than clopidogrel 
(both agents were used in combination with aspirin) in preventing recurrent heart 
attack, stroke, and death in patients with acute coronary syndromes, and the benefi-
cial effects of ticagrelor were similar in patients with and without diabetes [96]. 
Prasugrel plus aspirin was more effective than clopidogrel plus aspirin in patients 
with acute coronary syndromes, and the beneficial effects were maintained in 
patients with diabetes [97]. Accordingly, for patients with diabetes and acute coro-
nary syndrome, dual-antiplatelet therapy with aspirin plus either ticagrelor or prasu-
grel is preferred.

 The Coagulation System and Diabetes Mellitus

Activation of the coagulation system leads to the generation of thrombin and 
thrombin- mediated formation of fibrin from fibrinogen. The generation of thrombin 
depends on activation of procoagulant factors. It is limited by antithrombotic factors 

5 Diabetes and Thrombosis



108

and inhibitors. Fibrinopeptide A (FPA) is released when fibrinogen is cleaved by 
thrombin. It has a very short half-life in the circulation and is cleared promptly by 
the kidneys. Elevated concentrations in blood are indicative of thrombin activity 
in vivo [98]. Subjects with diabetes mellitus (both types 1 and 2) have increased 
concentrations of FPA in blood and in urine compared with corresponding concen-
trations in nondiabetic subjects [99–102]. The highest concentrations are observed 
in patients with clinically manifest vascular disease [100, 102].

The increased concentrations of FPA seen in association with diabetes reflect an 
altered balance between prothrombotic and antithrombotic determinants in subjects 
with diabetes mellitus favoring thrombosis. This interpretation is consistent with 
other observations suggesting that generation of thrombin is increased with diabetes 
resulting in increased concentrations in blood of thrombin-antithrombin complexes 
[103]. The steady-state concentration of thrombin-antithrombin complexes in blood 
is a reflection of the rate of formation of thrombin being generated over time.

The increased generation of thrombin in people with diabetes is likely to be 
dependent on increased activity of factor Xa. This has been observed in patients 
with type 1 diabetes [104]. Factor Xa, a major component of the prothrombinase 
complex, is formed from components including circulating coagulation factor X 
assembled on phospholipid membranes in association with the tissue factor VIIa 
complex. Thrombin is generated by the prothrombinase complex comprising factors 
Xa, Va, and II assembled on phospholipid membranes. The activity of this complex 
is reflected by prevailing concentrations in blood of prothrombin fragment 1 + 2, a 
cleavage product of factor II (prothrombin). Increased concentrations of prothrom-
bin fragment 1 + 2 in blood from patients with type 1 diabetes have been observed, 
consistent with the presence of a prothrombotic state.

 Mechanisms Responsible for a Prothrombotic State Associated 
with Diabetes

Patients with diabetes mellitus have increased concentrations in blood of the pro-
thrombotic factors fibrinogen, von Willebrand factor, and factor VII coagulant activ-
ity [105–107]. Among the three coagulation factors, fibrinogen has been most 
strongly associated with the risk of development of cardiovascular disease [108]. 
Although the mechanisms responsible for increased concentrations of fibrinogen 
and von Willebrand factor have not yet been fully elucidated, elevated concentra-
tions in blood of insulin and proinsulin may be determinants in people with type 2 
diabetes. This possibility is suggested by the close correlation between concentra-
tions of fibrinogen with those of insulin and proinsulin in healthy subjects [109]. 
Because prediabetic subjects and people with early stages of diabetes have marked 
insulin resistance that leads to a compensatory increase in the concentrations in 
blood of insulin and proinsulin [110–112], the hyper(pro)insulinemia of type 2 dia-
betes is likely to underlie, at least in part, the typically increased concentrations of 
fibrinogen. Improvement in metabolic control per se (euglycemia and amelioration 
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of hyperlipidemia) has not been associated with normalization of the increased con-
centrations in blood of fibrinogen, von Willebrand factor, or factor VII coagulant 
activity [107]. By the same token, the extent of elevation of concentrations in blood 
of prothrombin fragment 1 + 2 is not closely correlated with the concentration of 
hemoglobin A1c, a marker of glycation of proteins [113]. First- degree nondiabetic 
relatives of subjects with type 2 diabetes exhibit increased concentrations of fibrino-
gen and factor VII coagulant activity in blood compared with values in age-matched 
controls [114]. Thus, the increases in fibrinogen and factor VII coagulant activity 
are associated with other, presumably independent features of insulin resistance. 
Consistent with this observation, controlling hyperglycemia reduces tissue factor 
expression in patients with type 2 diabetes [115]. Infusion of insulin increased tis-
sue factor procoagulant activity, and the combination of hyperinsulinemia plus 
hyperglycemia increased tissue factor procoagulant activity to the greatest extent 
[115]. Accordingly, increased concentrations of prothrombotic factors seen typi-
cally in subjects with type 2 diabetes mellitus are likely to reflect the combination 
of metabolic derangements typical of the diabetic state in combination with insulin 
resistance and hyperinsulinemia. In fact, hormonal abnormalities, particularly insu-
lin resistance and hyper(pro)insulinemia, appear to underlie the prothrombotic state 
[109–114].

As mentioned in the preceding section on platelet function, procoagulant activity 
is increased in platelets from subjects with diabetes. Procoagulant activity of mono-
cytes is increased as well [116]. The negatively charged phospholipid surface of 
platelets and monocytes catalyzes both formation and activity of the tenase and 
prothrombinase complexes. Thus, increased procoagulant activity of platelets and 
monocytes can potentiate thrombosis.

Decreased activity of antithrombotic factors in blood can potentiate thrombosis. 
Of note, concentrations in blood of protein C and activity of antithrombin are 
decreased in diabetic subjects [117–120], although not universally [103]. Unlike 
changes in concentrations of prothrombotic factors, altered concentrations and 
activity of antithrombotic factors appear to be reflections of the metabolic state typi-
cal of diabetes, either type 1 or type 2, especially hyperglycemia. Thus, decreased 
antithrombotic activity has been associated with nonenzymatic glycation of 
antithrombin.

To recapitulate, functional activities of the prothrombinase complex and of 
thrombin itself are increased consistently in blood of people with diabetes. The 
increased activity is likely to be a reflection of increased procoagulant activity of 
platelets and monocytes in association with increased concentrations of fibrinogen, 
von Willebrand factor, and factor VII. Diminished activity in blood of antithrom-
botic factors secondary to glycation of antithrombin and protein C may contribute 
to the prothrombotic state. To the extent that glycation of proteins contributes to a 
prothrombotic state, optimal glycemic control should attenuate it. Accordingly, the 
most effective mechanism available to attenuate a prothrombotic state is normaliza-
tion of the hormonal and metabolic abnormalities in patients with diabetes. Results 
in the DCCT trial are consistent with this interpretation. Despite the fact that the 
trial focused on microvascular complications of diabetes, known to be influenced by 
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hyperglycemia, a trend toward reduction of macrovascular events was seen with 
stringent and glycemic control [121]. This trend is consistent with reduction of the 
intensity of the prothrombotic state and hence attenuation of atherogenesis, deter-
minants of its sequela, or both.

A prespecified analysis of the Cardiovascular Outcomes for People Using 
Anticoagulation Strategies (COMPASS) compared the effects of rivaroxaban 
(2.5  mg twice daily) plus aspirin (100  mg daily) versus placebo plus aspirin in 
patients with diabetes mellitus versus without diabetes mellitus in preventing major 
vascular events [122]. A consistent and similar relative risk reduction was seen for 
benefit of rivaroxaban plus aspirin (n = 9152) versus placebo plus aspirin (n = 9126) 
in patients both with (n = 6922) and without (n = 11,356) diabetes for the primary 
efficacy end point (hazard ratio, 0.74, p = 0.002; and hazard ratio, 0.77, p = 0.005, 
respectively, pinteraction = 0.77) and all-cause mortality (hazard ratio, 0.81, p = 0.05; 
and hazard ratio, 0.84, p  =  0.09, respectively; pinteraction  =  0.82). Despite the pro-
thrombotic state associated with diabetes, the incidence of bleeding was similar in 
patients with and without diabetes [122]. In the treatment of atrial fibrillation, 
results show similar efficacy and safety of direct-acting anticoagulants (DOACs) 
compared with warfarin in patients with or without diabetes. Treatment with 
DOACS in patients with diabetes has been associated with a significant relative 
reduction in vascular death compared to warfarin [123].

 Diabetes and Fibrinolysis

Decreased fibrinolytic system capacity is observed consistently in blood from 
patients with diabetes mellitus, particularly those with type 2 diabetes [124–127]. It 
has been known for many years that obesity is associated with impaired fibrinolysis 
[128]; that elevated blood triglycerides and other hallmarks of hyperinsulinemia are 
associated with increased activity of PAI-1 [129]; and that elevated PAI-1 is a 
marker of increased risk of acute myocardial infarction as judged from its presence 
in survivors compared with age-matched subjects who had not experienced any 
manifestations of overt coronary artery disease [130]. Recently, the 4G/5G PAI-1 
polymorphism has been found to increase the risk of recurrence of myocardial 
infarction in nonhyperlipidemic subjects [131] and that increased PAI-1 is associ-
ated with increasing concentrations of glucose within the normal range in nondia-
betic subjects [132]. We have found that impaired fibrinolysis in subjects with type 
2 diabetes mellitus, not only under baseline conditions but also in response to physi-
ologic challenge, was attributable to augmented concentrations in blood of circulat-
ing PAI-1. Furthermore, obese diabetic subjects exhibited threefold elevations of 
PAI-1  in blood compared with values in nondiabetic subjects despite tissue- type 
plasminogen activator (t-PA) values that were virtually the same. The observation of 
an impairment of fibrinolysis not only under basal conditions but also in response to 
physiologic stress implicates the pathophysiologic import of the abnormality [125]. 
Subsequently, we found that precursors of insulin including proinsulin and 
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des[30,31]- and des[63,64]proinsulin-induced time- and concentration- dependent 
elevation in expression of PAI-1 by human hepatoma cells in culture [133]. In addi-
tion, we found that concentrations of PAI-1 can be elevated in blood in normal 
subjects rendered hyperglycemic, hyperinsulinemic, and hyperlipidemic [134]. 
Furthermore, women with the polycystic ovarian syndrome, known to be associated 
with hyperinsulinemia, have increased concentrations of PAI-1 in blood that can be 
reduced by administration of troglitazone, an insulin sensitizer [135].

Thus, people with type 2 diabetes exhibit a decreased fibrinolytic system capac-
ity secondary to increased PAI-1  in blood. Similar derangements are evident in 
association with other states of insulin resistance and compensatory hyperinsu-
linemia in conditions such as obesity [125, 128], hypertension [136], and the poly-
cystic ovarian syndrome [135, 137, 138].

Because the endogenous fibrinolytic system influences the evolution of thrombo-
sis and the rapidity and extent of lysis of thrombi when vascular damage is repaired, 
overexpression of PAI-1 is likely to exacerbate development and the persistence of 
thrombi. Results in transgenic mice deficient in PAI-1 compared with wild-type 
animals are consistent with this hypothesis. Thus, 24 h after arterial injury, persis-
tence of thrombosis and the residual thrombus burden were greater than in wild- 
type mice that were not deficient in PAI-1 [139]. Thus, increased expression of 
PAI-1 typical of that seen with the metabolic changes present in type 2 diabetes 
[140] is likely to be a determinant of increased and persistent thrombosis. Consistent 
with this observation, higher concentrations of PAI-1 in blood have been indepen-
dently associated with a greater risk of coronary heart disease [141].

 Mechanisms Responsible for the Overexpression 
of PAI- in Diabetes

Increased expression of PAI-1 in diabetes is undoubtedly multifactorial. A direct 
effect of insulin on the expression of PAI-1 has been suggested by a positive correla-
tion between the concentration of insulin and PAI-1 in vivo [124, 125, 129, 136–
138, 142]. Triglycerides and their constituents (fatty acids) appear to contribute to 
the overexpression of PAI-1 in view of the fact that both insulin and triglycerides 
independently increase expression of PAI-1 by human hepatoma cells in vitro [140, 
143–145]. Liver steatosis is another determinant of elevated concentrations of 
PAI-1, perhaps indicative of the response of both to derangements in the TNF- 
signaling pathway [146]. Insulin and triglycerides exert a synergistic increase in 
accumulation of PAI-1 in conditioned media when both are present in pathophysi-
ologic concentrations [140]. Analogous results are obtained with insulin in combi-
nation with VLDL-triglyceride, emulsified triglycerides, or albumin-bound-free 
(nonesterified) fatty acids. Thus, the combination of hyperinsulinemia and hypertri-
glyceridemia increases expression of PAI-1 consistent with the possibility that the 
combination is a determinant of the increased PAI-1 in blood in vivo in people with 
diabetes. Furthermore, because elevated concentrations of glucose increase 
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expression of PAI-1 by endothelial cells and vascular smooth muscle cells in vitro 
[147, 148], the metabolic state typical of diabetes may elevate concentrations of 
PAI-1 in blood emanating from release of PAI-1 from vessel wall cells.

A combination of hyperinsulinemia, hypertriglyceridemia, and hyperglycemia 
increases the concentration of PAI-1 in blood in normal subjects [134]. Although 
neither the infusion of insulin with euglycemia maintained by euglycemic clamping 
nor the infusion of triglycerides without induction of hyperinsulinemia in normal 
subjects increases the concentration of PAI-1 in blood, the induction of hyperglyce-
mia, hypertriglyceridemia, and hyperinsulinemia by infusion of glucose plus emul-
sified triglycerides plus heparin (to elevate blood free fatty acids) does increase 
concentrations of PAI-1 in blood. Of note, the infusion of insulin under euglycemic 
clamp conditions results in a marked decrease in the concentration of blood triglyc-
erides and free fatty acids. Thus, results obtained in the infusion studies demonstrate 
that the combination of hyperinsulinemia, hyperglycemia, and hypertriglyceridemia 
is sufficient to increase expression of PAI-1 in healthy subjects. However, results in 
these studies do not answer the question of whether, as in the case in vitro, insulin 
increases expression of PAI-1 when concentrations of glucose, triglycerides, and 
free fatty acids are all maintained within normal ranges. What is clear is that a com-
bination of hormonal (hyperinsulinemia) and metabolic (particularly hypertriglyc-
eridemia) derangements typical of type 2 diabetes mellitus elevate the concentration 
of PAI-1  in blood. The elevations of PAI-1 may subject people with diabetes to 
double jeopardy because the ratio of PAI-1 activity to the concentration of PAI-1 
protein increases when the latter is high. This appears to reflect a slower rate of loss 
of PAI-1 activity associated with higher concentrations of PAI-1 protein [149].

Adipose tissue is another potential source of the increased blood PAI-1 in sub-
jects with type 2 diabetes mellitus. Studies performed on genetically obese mice 
demonstrated that PAI-1 mRNA expression was increased four- to fivefold in mature 
adipocytes [150]. The injection of insulin into lean mice increased expression of 
PAI-1 in adipocytes, an effect seen also with 3T3-L1 adipocytes in vitro. We have 
found that elaboration of PAI-1 from adipocytes is increased by TGF-β, known to 
be released from activated platelets [151] secondary to increased transcription and 
furthermore that caloric restriction per se lowers elevated PAI-1 in blood in obese, 
nondiabetic human subjects [152]. Thus, the elevated concentrations of PAI-1  in 
blood seen in subjects with type 2 diabetes appear to be secondary to effects of 
hyperinsulinemia, particularly in combination with hypertriglyceridemia, and to 
effects of other mediators implicated in the prothrombotic state seen with diabetes 
on expression of PAI-1 by hepatic, arterial, and adipose tissue.

In addition to elevated PAI-1 in blood, expression of PAI-1 in vessel walls with 
subsequent elaboration into blood is increased by insulin [153]. Pathophysiologic 
concentrations of insulin increase the expression of PAI-1 by human arteries in vitro 
[154], an effect seen in both arterial segments that appear to be grossly normal and 
those that exhibit atherosclerotic changes [155]. The increased expression of PAI-1 
is seen in arterial segments from subjects with or without insulin-resistant states. 
Augmented expression of PAI-1 is seen in response to insulin with vascular smooth 
muscle cells in culture [156] and with co-cultured endothelial cells and smooth 
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muscle cells [153]. Insulin increases expression of PAI-1 by vascular tissue in vivo. 
Local elaboration of PAI-1 follows perfusion with insulin in forearm vascular beds 
of healthy human subjects [157].

With the use of a co-culture system, one mechanism by which insulin increases 
arterial wall expression of PAI-1 has been characterized [153]. In vivo, insulin pres-
ent in the luminal blood is known to be transported from the luminal to the ablumi-
nal surface of endothelial cells. In vitro, smooth muscle cells exposed to insulin 
have been shown to release a soluble factor(s) that increases endothelial cell expres-
sion of PAI-1. Thus, it appears likely that insulin in vivo alters expression of PAI-1 in 
arterial walls through a direct effect on vascular smooth muscle cells that, in turn, 
increases endothelial cell expression of PAI-1 in a paracrine fashion.

Therapy designed to reduce insulin resistance, the resultant hyperinsulinemia, or 
both have been shown to reduce PAI-1 in blood as well. Thus, treatment of women 
with the polycystic ovarian syndrome with metformin or troglitazone decreased 
concentrations in blood of insulin and of PAI-1 [138]. Changes in the concentrations 
of PAI-1 in blood correlated significantly with those of insulin [135]. Treatment of 
patients with type 2 diabetes with an insulin secretagogue, repaglinide, was associ-
ated with greater concentrations in blood of PAI-1 compared with treatment with 
metformin [158]. Similarly, treatment of patients with type 2 diabetes with piogli-
tazone decreases the concentration of PAI-1 [159]. One mechanism by which thia-
zolidinediones may decrease expression of PAI-1 is through induction of adiponectin 
[160]. The effect of rosiglitazone on expression of PAI-1 correlates positively with 
changes in the concentration of adiponectin and the effect of rosiglitazone of con-
centrations of PAI-1 in blood is attenuated in mice genetically deficient in adiponec-
tin [160]. The concordance supports the view that insulin contributes to the increased 
PAI-1 expression seen in vivo. Despite meta analyses that spanned intense contro-
versy [161–163], there is no convincing evidence that rosiglitazone increases mor-
tality [164–168], and there is evidence that another thiazolidinedione, pioglitazone, 
diminishes it [169].

Human subjects who participate in relatively large amounts of leisure time phys-
ical activity have low levels of PAI-1 activity in blood [170]. After adjustment for 
variables indicative of syndromes of insulin resistance such as high body mass 
index and waist:hip ratio in addition to advanced age and elevated concentrations of 
triglycerides, the association of PAI-1 activity with physical activity was no longer 
significant. This observation, particularly in combination with the results seen after 
therapy with troglitazone and metformin in women with the polycystic ovarian syn-
drome, demonstrates that interventions designed to attenuate insulin resistance will 
lower concentrations of PAI-1 in blood and increase fibrinolytic system capacity.

The exposure of human hepatoma cells to gemfibrozil decreases basal and 
insulin- stimulated secretion of PAI-1 [171]. This inhibitory effect has been observed 
in vitro but not in vivo [172, 173] despite reductions in vivo in the concentration of 
triglycerides in blood by 50–60%. No changes in insulin sensitivity or concentra-
tions of insulin in the blood were seen after treatment of patients with gemfibrozil. 
Thus, unlike therapy with agents that reduce insulin resistance and lower concentra-
tions of insulin, therapy with gemfibrozil that reduces triglycerides without 
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affecting concentrations of insulin does not lower PAI-1 in vivo. These observations 
support the likelihood that insulin is the critical determinant of altered expression of 
PAI-1 in subjects with insulin resistance such as those with type 2 diabetes mellitus. 
As judged from results in studies in which human hepatoma cells were exposed to 
insulin and triglycerides in vitro, modest elevations in the concentrations of triglyc-
erides and free fatty acids in the setting of hyperinsulinemia may be sufficient to 
augment expression of PAI-1. Thus, although the concentration of triglycerides in 
patients treated with gemfibrozil was decreased by 50%, the prevailing concentra-
tion of triglycerides may have been sufficient to lead to persistent elevation of 
PAI-1  in blood in the setting of hyperinsulinemia. Recent results in studies with 
several statins including atorvastatin fail to show concordant changes in PAI-1 in 
blood, consistent with this possibility [174].

 Fibrinolysis and Arterial Mural Proteolysis

In addition to their role in blood, plasminogen activators and PAI-1 appear to be 
involved in the evolution of macroangiography in the arterial wall itself [175]. 
Intramural plasminogen activators and PAI-1 influence proteolytic activity of matrix 
metalloproteinases (MMPs) that are activated from zymogens by plasmin. Cell sur-
face plasmin-dependent proteolytic activation of MMPs promotes migration of 
smooth muscle cells and macrophages into the neointima and tunica media. 
Activation of MMPs appears to be a determinant of plaque rupture in complex ath-
eroma and advanced atherosclerotic lesions, particularly in the vulnerable acellular 
shoulder regions of plaques [176].

Conversely, overexpression of PAI-1, by inhibiting intramural proteolysis and 
turnover of matrix, may contribute to accumulation of extracellular matrix particu-
larly in early atheromatous lesions. Overexpression of PAI-1 and the resultant accu-
mulation of extracellular matrix have been implicated as a substrate for activation 
and migration of smooth muscle cells, chemotaxis of macrophages, and hence, 
acceleration of early atherosclerosis. Analogously increased expression of PAI-1 
has been observed in zones of early vessel wall injury after fatal pulmonary throm-
boembolism [177].

Taken together, these observations imply that an imbalance between the activity 
of plasminogen activators and the activity of PAI-1 can contribute to progression of 
atherosclerosis in diverse directions under diverse conditions. In early lesions, 
excess activity of PAI-1 may potentiate accumulation of matrix and its conse-
quences. In complex lesions and late atherosclerosis, excess activity of plasminogen 
activators may exacerbate plaque rupture. Our observations regarding the relative 
amounts of plasminogen activators and of PAI-1 in association with the severity of 
atherosclerosis are consistent with both [178]. The tissue content of PAI-1 is 
increased in early atherosclerotic lesions exemplified by fatty streaks. By contrast, 
the tissue content of plasminogen activators is increased in more complex lesions at 
a time when smooth muscle cell proliferation is prominent.
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The effects of PAI-1 in vessel wall repair have been clarified in animals geneti-
cally modified to be deficient in PAI-1 (PAI-1 knockout mice). Removal of noncel-
lular debris and migration of smooth muscle cells are accelerated after mechanical 
or electrical injury of arteries in PAI-1-deficient mice [179]. However, clot burden 
and persistence are increased. Thus, it appears likely that excess of either plasmino-
gen activator or PAI-1 activity in the vessel wall may potentiate atherosclerosis. 
Excess PAI-1 may potentiate mural thickening secondary to accumulation of extra-
cellular matrix and noncellular debris with diminished migration into the neointima 
of vascular smooth muscle cells during evolution of plaques destined to be vulner-
able to rupture. Excess plasminogen activator activity may potentiate degradation of 
matrix and plaque rupture [175] in mature, vulnerable plaques. Consistent with this 
view, we have found increased immunoassayable PAI-1 and decreased urokinase 
plasminogen activator (u-PA) in atherectomy specimens from occlusive coronary 
lesions in patients with diabetes with or without restenosis compared with values in 
corresponding specimens from nondiabetic subjects [154]. Conversely, immunoas-
sayable urokinase in the atheroma was markedly diminished in association with 
diabetes.

It has been demonstrated that people with type 2 diabetes are remarkably prone 
not only to primary coronary lesions but also to restenosis after angioplasty [9, 180, 
181]. Our observations with extracted atheroma suggest that restenosis, especially 
that following iatrogenic injury to vessel walls associated with percutaneous coro-
nary intervention, may develop, in part, because of increased expression of PAI-1. 
Although increased PAI-1 attenuates cell migration, it augments proliferation and 
inhibits apoptosis [182]. Thus, restenosis may be exacerbated by increased PAI-1 
resulting in increased proliferation and decreased apoptosis of smooth muscle cells 
within the arterial wall [183].

 Therapeutic Implications

Consideration of the derangements in platelet function, the coagulation system and 
the fibrinolytic system, and their contributions to exacerbation of macrovascular 
disease in type 2 diabetes gives rise to several therapeutic approaches. Because 
many of the derangements contributing to a prothrombotic state in diabetes are 
caused by hyperglycemia, rigorous glycemic control is essential. Accordingly, the 
use of diet, exercise, oral hypoglycemic agents, insulin sensitizers, and if necessary 
insulin itself are appropriate to lower hemoglobin A1c to <7%. Because other 
derangements contributing to a prothrombotic state such as attenuation of fibrinoly-
sis appear to be related to insulin resistance and hyper(pro)insulinemia, the use of 
insulin sensitizers as adjuncts to therapy with insulin or with other oral hypoglyce-
mic agents is likely to be helpful.

Agents that enhance sensitivity to insulin and thereby promote glycemic control 
but limit hyperinsulinemia merit particular emphasis. Thiazolinediones lower ele-
vated PAI-1  in patients with hyperinsulinemia by attenuating insulin resistance, 
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increasing peripheral glucose disposal, and modifying transcription of genes with 
protein products that are involved in carbohydrate and lipid metabolism as well as 
in fibrinolytic system activity. This class of agents exerts favorable effects on inti-
mal medial thickness of carotid arteries in people with type 2 diabetes [184, 185] 
and appears to reduce the progression of macrovascular disease [169].

Use of metformin may attenuate abnormalities in the fibrinolytic system as well 
as improving glycemic control, although the primary mechanism of action of the 
drug differs from that of troglitazone. Metformin and its congeners decrease hepatic 
glucose output thereby normalizing carbohydrate and lipid metabolism and reduc-
ing requirements for insulin and lowering circulating endogenous insulin levels. 
Side effects are usually minor gastrointestinal disturbances, but lactic acidosis can 
be encountered particularly in patients with renal dysfunction, congestive heart fail-
ure, liver disease, or any condition predisposing to metabolic acidosis including 
diabetic ketoacidosis or excessive consumption of alcohol. Metformin should be 
discontinued temporarily when contrast agents are used (e.g., coronary angiogra-
phy) to avoid lactic acidosis. In contrast to thiazolidinediones, metformin can pro-
duce hypoglycemia, particularly when it is used with sulfonylureas.

Sodium-glucose cotransporter 2 (SGLT2) inhibitors favorably affect cardiovas-
cular outcomes. SGLT2 inhibitors function through a novel mechanism of reducing 
renal tubular glucose reabsorption, producing a reduction in blood glucose without 
stimulating insulin release. Other benefits may include favorable effects on blood 
pressure and weight. A meta-analysis [186] that assessed cardiovascular outcomes 
of all four available SGLT2 inhibitors in patients with type 2 diabetes demonstrated 
that SGLT2 inhibitors were associated with a reduced risk of major adverse cardio-
vascular events (hazard ratio 0.90; 95% confidence interval 0.85–0.95) as well as 
hospitalization for heart failure and cardiovascular death (hazard ratio 0.78; 95% 
confidence interval 0.73–0.84). Based on this convincing class effect, SGLT2 inhib-
itors should be considered for all patients with type 2 diabetes, particularly those 
with cardiovascular disease.

Glucagon-like peptide 1 (GLP-1) receptor agonists stimulate glucose-dependent 
insulin release from the pancreatic islets and slow gastric emptying, inhibit inap-
propriate post-meal glucagon release, and reduce food intake. A meta-analysis 
[187] demonstrated that GLP-1 receptor agonist treatment reduced the incidence of 
major adverse cardiovascular events by 12% (hazard ratio 0.88, 95% confidence 
interval 0.82–0.94; p < 0.0001). Consistent reductions were apparent in death from 
cardiovascular cause (hazard ratio 0.88; 95% confidence interval 0.81–0.96; 
p = 0.003), fatal or non-fatal stroke (hazard ratio 0.84; confidence interval 0.76–0.93; 
p < 0.0001), and fatal or non-fatal myocardial infarction (hazard ratio 0.91; confi-
dence interval 0.84–1.00; p = 0.043).

While aspirin is no longer recommended for primary prevention [87], it should be 
used in patients with established coronary artery disease (secondary prevention). 
Patients with diabetes and acute coronary syndrome should be treated with dual- 
antiplatelet therapy that combines aspirin plus either ticagrelor or prasugrel [96, 97]. 
The combination of aspirin plus low-dose rivaroxaban reduced cardiovascular events 
in the COMPASS trial and should be considered for long-term treatment [122].
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Several complications and concomitants of diabetes can exacerbate a prothrom-
botic state and accelerate vascular disease. Thus, hypertriglyceridemia, hyperten-
sion, and hyperglycemia must be ameliorated. A target-driven, long-term, intensified 
intervention aimed at multiple risk factors in patients with type 2 diabetes and 
microalbuminuria reduces the risk of cardiovascular and microvascular events by 
about 50% [188].

Hypertension should be treated vigorously, generally with ACE inhibitors 
because of the demonstrated reduction of progression of renal disease accompany-
ing their use. An alternative may be angiotensin receptor-blocking agents. Despite 
the ominous portent of macrovascular disease in type 2 diabetes, nephropathy con-
tinues to be a dominant life-threatening complication with an extraordinarily high 
incidence. Its occurrence is clearly related to hyperglycemia and may contribute to 
a prothrombotic state and acceleration of macrovascular disease through diverse 
mechanisms. Accordingly, rigorous glycemic control is essential.

Life-style modifications including implementation of a regular exercise program, 
reduction of obesity through dietary measures, and avoidance or cessation of ciga-
rette smoking should be implemented to reduce the intensity of a prothrombotic 
state and the progression of macrovascular disease.
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Chapter 6
Genetics of Coronary Artery Disease 
in Diabetes Mellitus

Mario Luca Morieri and Alessandro Doria

 Leveraging Genetics to Decrease the Cardiovascular Burden 
of Diabetes

Despite the improvements in cardiovascular preventive strategies and the resulting 
overall decrease in cardiovascular mortality and morbidity that have occurred dur-
ing the past few decades, patients with diabetes remain at higher risk of cardiovas-
cular disease (CVD) than non-diabetic subjects [1, 2]. This, combined with the 
ongoing worldwide increase in diabetes prevalence, represents a global health threat 
with important social and financial implications. Patients with type 2 diabetes 
(T2D), who are 90–95% of diabetic subjects, often have other cardiovascular risk 
factors such as hypertension, dyslipidemia, and obesity; however, the increased 
CVD risk associated with T2D is independent of these other predisposing clinical 
characteristics, meaning that patients with T2D are at higher CVD risk than patients 
without diabetes even after accounting for these classic cardiovascular risk fac-
tors—an observation that is also true for hyperglycemia [2]. Understanding the 
mechanisms underlying this increased cardiovascular risk is of pivotal importance 
in order to achieve a meaningful reduction of CVD in T2D.

One approach to expand knowledge in this field is to search the human genome for 
variants that are associated with an increased risk of CVD in diabetes, and use the 
information about the location and function of these variants to infer about the mecha-
nisms involved in the diabetes-induced acceleration of atherogenesis. This information 
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can also be used to improve the identification of T2D individuals who are at especially 
high risk of CVD and to personalize the preventive interventions that can be targeted 
at them. Although 99.5% of the 3 billion base pairs of the human genome are identical 
among different individuals, the 0.5% that is variable translates into millions of genetic 
variants potentially affecting susceptibility to common disorders. Since the complete 
sequencing of the human genome in the early 2000, our capability to investigate this 
genetic variability, and its relationship with CVD in the general population as well as 
in patients with diabetes, has exponentially increased. Over the past 20 years, we have 
moved from family-based studies, including a few hundred subjects, to large popula-
tion-based studies including thousands or even millions of individuals. At the same 
time, we have gone from studying few variants at pre-specified loci to genotyping mil-
lions of variants covering the entire genome at progressively lower costs. Such extraor-
dinary increase in capabilities has led to the discovery of hundreds of new genes 
involved in the pathophysiology of CVD, and especially of coronary artery disease 
(CAD). These discoveries have revealed a remarkably complex polygenic background 
of CAD, and although we are far from completely dissecting such complexity, we have 
started to leverage these findings to develop new approaches to improve prevention 
and treatment of CAD in patients with type 2 diabetes as discussed above.

 Genetic Determinants of CAD in Diabetes

A large body of evidence points to CAD as a complex, multifactorial disease resulting 
from the combined effects of genetic and environmental factors. Indication of a genetic 
component of CAD has come from studies showing that a positive family history 
increases CAD risk, independently from other traditional risk factors. This has been 
shown to be equally the case in the general population and among patients with diabe-
tes [3–7], with estimates of the proportion of CAD variability explained by genetic 
variation ranging from 40% to 60% [6, 7]. The genome-wide association studies 
(GWAS) that have been carried out during the past decade have shown that a large 
proportion of CAD heritability (40–70%) is explained by common variants (i.e., Single 
Nucleotide Polymorphisms—SNPs), having population frequencies greater than 5% 
[7–9]. However, infrequent or rare variants have also been implicated, although their 
effect has been more difficult to demonstrate [10–12]. The interplay between rare and 
common variants in shaping CAD risk is well illustrated by studies on Familial 
Hypercholesterolemia (FH), showing that the penetrance of the CAD phenotype of 
this monogenic disorder due to rare mutations is largely influenced by the polygenic 
component of CAD determined by common variants. For instance, in a recent study of 
the general population of the UK Biobank, the probability of having a CAD event by 
age 75 among subjects carrying rare FH pathogenic variants in the LDLR, APOB, or 
PCSK9 genes varied from 17% to 78% depending on their overall genetic predisposi-
tion to CAD as estimated by a polygenic risk score combining millions of genome-
wide common variants [13, 14]. Thus, from a clinical perspective, genetic susceptibility 
to CAD should be viewed as the combined effect of common and rare variants 
(Fig. 6.1). Two individuals might have a similar genetic risk of CAD, but this may 
derive from different combinations of rare mutations and common polymorphisms. 
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Threshold for CAD event

� Low – Genetic Susceptibility to CAD – High �

�
Smoking, sedentary habits, Unhealthy diet

Hypertension, Obesity, Diabetes

�
Healthy life-style, 
Cardioprotective Tx (LDL-c lowering, SGLT2i, GLP1RAs)

Similar overall genetic risk of CAD, being derived 
from different combination of rare/common variants 

Common variant with small effect on CAD risk 
Rare variant with large effect on CAD risk

(filled= carrier of risk allele)

Fig. 6.1 Genetic susceptibility to CAD according to different combinations of common and rare 
variants at multiple genetic loci

Such genetic susceptibility to CAD acts together with the susceptibility induced by 
other modifiable and non-modifiable risk factors, such as male gender, smoking habits, 
un- healthy diet, sedentary lifestyle, presence of obesity, hypertension, and diabetes. 
The combined effect of these factors can move the theoretical threshold of CAD events 
towards the left (i.e., increasing the risk of CAD events and/or decreasing the age at 
which they occur), while preventive strategies (medication or health lifestyle) can 
move the threshold to the right (i.e., delaying or avoiding the CAD events).

As schematically illustrated in (Fig. 6.2), and discussed in more detail below, the 
genetic architecture of the susceptibility to coronary artery disease in patients with 
diabetes can be viewed as being composed by the following groups of genes: (1) 
Genetic variants increasing CAD risk in the general population that also increase 
CAD risk in subjects with diabetes. (2) Genetic variants predisposing to both T2D 
and CAD (in agreement with the so-called “common soil” hypothesis), and (3) 
Genetic variants increasing the risk of CAD specifically in the presence of T2D or 
hyperglycemia (i.e., through gene-by-environment interactions).

 Genetic Variants Increasing CAD Risk in the General 
Population and in T2D

To date, common genetic variants at more than 160 loci have been found to be inde-
pendently and consistently associated with CAD in GWAS that were mainly con-
ducted in the general population and in subjects of European or Asian ancestries 
[15]. Whether these loci are associated with increased CAD risk also in patients 
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1) Genetic predisposition to CAD the general population affects CAD risk also in patients with T2D

2) Genetic predisposition to T2D also increased the risk of CAD

↑ T2D risk

↑ CAD risk

Genetic variant

↑ CAD risk regardless off the presence of diabetesGenetic variant

3) Presence of additional variants that increase the risk of CAD in presence of hyperglycemia

Genetic variant

Exposure to T2D

↑ CAD risk only in people with T2D

Fig. 6.2 Genetic architecture of increased susceptibility to coronary artery disease in diabetes
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Fig. 6.3 Graphical representation of 160 CAD risk loci discovered in the general population. Loci 
are sorted by the strengths of their association with CAD (expressed as odds ratio per risk-allele 
copy). For graphical purposes, only some representative genes/loci are indicated with their names

with type 2 diabetes has been the topic of several studies [16–19]. Given the rela-
tively small effect of each of these variants (most of them increase the risk of CAD 
by 5–10% per each risk allele variants, and very few increase the risk above 20%, as 
shown in Fig. 6.3) their validation in subjects with diabetes requires large sample 
sizes and well-defined phenotypes (e.g., diabetes diagnosis predating the CAD 
event). For this reason, the analysis of single variants has been often replaced by the 
analysis of genetic risk scores (GRS) capturing the overall polygenic burden of each 
individual. GRS can be estimated as “crude GRS,” i.e., a score equal to the sum of 
the number of risk allele for each polymorphism, or as “weighted GRS,” where each 
risk allele is weighted by its strength of association with CAD.
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The first of these studies, conducted a decade ago, was a case-control study com-
bining three different populations of subjects with T2D and CAD from the Joslin 
Heart Study, the Nurses’ Health Study, and the Health Professional Follow-up Study 
[16]. In a combined analysis of these three cohorts, 5 of the 12 CAD loci that had 
been identified in the general population at that time (2011) were found to be nomi-
nally associated with CAD also among patients with T2D. A GRS derived from 
these SNPs showed a significant association with CAD, with a 19% increase in risk 
(95% CI 13–26%) for each additional risk allele in the GRS. Similar results were 
reported in 2015  in a post hoc analysis of the Look-AHEAD study (Action for 
Health in Diabetes) [17], including 4016 overweight or obese subjects with T2D 
who were followed for a median of 9.6 years. In this cohort, each standard deviation 
of a GRS derived from 153 SNPs associated with CAD in the general population 
was associated with a 19% increase in risk of incident CVD (95% CI 10–28%, 
p = 1 × 10−5). This GRS was also associated with classic CVD risk factors such as 
higher LDL-cholesterol, blood pressure, and HbA1c, but the association with CVD 
remained significant after adjustment for these factors.

More recently, our group has tested the association of major coronary events 
(combining fatal CAD events, non-fatal myocardial infarction, and unstable angina) 
with a GRS composed of 204 SNPs representative of the 160 CAD loci known as of 
2018 to be associated with CAD in the general population at genome-wide signifi-
cance level (p < 5 × 10−8) [19]. This analysis was conducted in white participants 
from the “Action to Control Cardiovascular Risk in Diabetes” (ACCORD, n = 5360) 
and “Outcome Reduction with Initial Glargine Intervention” (ORIGIN, n = 1931) 
studies. In the ACCORD study, 32 SNPs were found to be nominally associated 
with CAD, although they did not reach study-wide significance levels because of the 
limited power to analyze individual loci. In addition, 151 out of the 204 SNPs that 
were tested (i.e., 74% of them, corresponding to a p value 2 × 10−12 for deviation 
from the null hypothesis of 50%) showed the same trend of association with preva-
lent CAD as that reported in the general population. A weighted GRS derived from 
the 204 SNPs was associated with 27% (p = 4 × 10−10) and 35% (p = 2 × 10−4) higher 
risks of incident major CAD events per standard deviation in the ACCORD and 
ORIGIN studies, respectively. This GRS was also associated with family history of 
CVD, prevalent CVD, and HDL-cholesterol at baseline, but its association with 
incident CAD persisted, although slightly attenuated, after adjustment for these and 
other classic CVD risk factors (including the ACC/AHA Pooled Cohort Equations 
10-year CVD risk model). Moreover, the association was similar in subjects in pri-
mary or secondary CVD prevention and with or without a family history of CVD.

Altogether these studies indicate that the genetic factors predisposing to CAD in 
the general population do so also in people with T2D, suggesting that the presence 
of a powerful CVD risk factor such as diabetes does not override these genetic 
effects. In fact, exposure to the diabetic milieu may enhance the effect of some of 
these genes, as exemplified by the finding of synergism between poor glycemic 
control and the CAD locus on 9p21 [20]. As discussed in the following section, 
diabetes may also provide an additional genetic burden since some of the genetic 
variants that predispose to T2D, and are, therefore, over-represented among diabetic 
subjects, may also predispose to CAD.
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 Genetic Variants Predisposing to Both T2D and CAD

Several studies have suggested the existence of a common genetic background 
(“common soil”) shared by T2D and CAD [21]. Two such studies evaluated the 
results from separate GWAS on CAD and T2D and, after accounting for sample 
overlaps between studies and the linkage disequilibrium between variants, found a 
significant positive correlation between allelic effects on T2D and CAD risk across 
the genome (rg = 0.39–0.40) [22, 23]. Of note, in one of these studies, the correla-
tion between CAD and T2D (rg = 0.39) was higher than that between CAD and 
other traits such as LDL-c, HDL-c, triglycerides, and BMI [23]. Another approach 
to assess the shared genetic background of T2D and CAD has been to test whether 
variants identified as being strongly associated with T2D are enriched with variants 
that are also associated with CAD. Following this strategy, Jansen et al. analyzed 
22,233 CAD cases and 64,762 controls from the CARDIOGRAM genome-wide 
dataset (derived from the combination of several worldwide studies and consortia) 
and found that 10 of 44 variants (23%) known in 2015 to be associated with T2D at 
genome-wide significant level were nominally associated with an increased risk of 
CAD. This proportion was much higher than that expected by chance under the null 
hypothesis of no association (23% vs. 5%, p = 5 × 10−5) [24]. In the same study, the 
number of SNPs with an effect that was consistent between T2D and CAD risk 
(odds ratio per risk allele >1 for both conditions) was significantly higher than that 
expected by chance (i.e., 64% [29/44] vs. 50%, p = 0.02). Of note, the enrichment 
of T2D SNPs with variants associated with CAD was unaffected by the exclusion of 
those SNPs with profound effects on other known CAD risk factors. Similar conclu-
sions were drawn by another paper conducted on an overlapping, but larger, popula-
tion and with slightly higher number of SNPs [25]. A more recent study (including 
106 variants associated with T2D as of 2017) confirmed the enrichment of T2D 
variants (31/106, 29%) with SNPs significantly and concordantly associated also 
with CAD risk (binomial test for chance observation p < 5 × 10−15) [26]. Other stud-
ies have confirmed the association between genetic predisposition to T2D and 
increased CAD risk in East Asian populations [27, 28].

 The “Common Soil” Hypothesis and Insulin Resistance

In the studies above, the enrichment of T2D SNPs with CAD variants was similar 
for subset of genes affecting different T2D pathways (e.g., reduced beta cell func-
tion, reduced insulin sensitivity, or altered insulin secretion). However, more recent 
studies (based on the increasing number of genetic variants found to be associated 
with T2D) have suggested that CAD risk may not be equally increased by the dif-
ferent genetic mechanisms determining increased T2D risk [26, 29]. Specifically, 
genetic variants that increase T2D through pathways related to insulin resistance 
appear to be among those that are most strongly associated with CAD [30].  
From the moment when the “common soil” hypothesis was put forward, insulin 
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resistance has been proposed as the most important link between T2D and CAD 
[21]. Compelling evidence for this concept has been provided by GWAS studies, 
showing that the genetic locus of IRS1 (encoding insulin receptor substrate-1) har-
bors multiple variants increasing the risk of both CAD and T2D [22, 24, 26, 30–34]. 
Despite been placed more than 500,000 base pairs from the IRS1 coding region, 
these variants are located in an enhancer site with long-range effects on IRS1 expres-
sion [35] and have been associated with IRS1 expression in human adipose tissue 
[33, 34] as well as with several traits related to insulin resistance, such as fasting 
insulin, HDL- cholesterol, triglycerides, and adiponectin levels, as well as body fat 
distribution [34, 36, 37]. Altogether, these data provide strong evidence of a causal 
role of insulin resistance not only in T2D but also in CAD. This concept is also sup-
ported by the recent discovery of novel CAD loci (e.g., rs11057401 p.Ser70Cys in 
CCDC92) associated with insulin resistance-related phenotypes such as body fat 
percentage, HDL, triglycerides, and adiponectin levels [33, 38].

 Genetic Variants Increasing the Risk of CAD Specifically 
in the Presence of T2D

Beyond the genetic factors cited in the section on “Genetic Variants Increasing CAD 
Risk in the General Population and in T2D”, some additional factors has been found 
to increase CAD risk specifically in the presence of diabetes or diabetes- related 
metabolic traits (e.g., hyperglycemia or insulin resistance). These variants therefore 
show a significant “gene by environment” interaction, by which the association with 
CAD is stronger, or exclusively present, among patients with diabetes as compared 
to the general population.

 The 1q25 Locus

As of today, the strongest and most replicated signal showing a significant “gene by 
diabetes” interaction is represented by a genetic variant at the 1q25 locus associated 
with the expression of GLUL (coding for glutamate-ammonia ligase, a.k.a. gluta-
mine synthase, converting glutamic acid to glutamine) [39–41]. This locus was ini-
tially identified by our group in a genome-wide association study specifically aimed 
at identifying genetic variants associated with increased CHD risk (defined as fatal 
or non-fatal myocardial infarction, revascularization procedures, or angiography 
evidence of significant coronary stenosis) in patients with type 2 diabetes [39]. The 
study combined a total of 1517 CHD cases and 2671 CHD-negative controls with 
type 2 diabetes derived from five independent population (the Nurses’ Health 
Study—NHS, the Health Professionals Follow-up Study—HPFS, the Joslin Heart 
Study—JHS, the Gargano Heart Study, and the Catanzaro Study). After testing 
2.5 million common variants, a genome-wide significant association was identified 
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between SNP rs10911021 (on chromosome 1q25) and CHD risk. The association, 
observed consistently across the five datasets, was such that each copy of the risk 
allele “C” was associated with a 36% higher risk of CHD (OR 1.36, 95% CI 
1.22–1.51, p = 2 × 10−8) in patient with diabetes, but not among patients without 
diabetes (OR 0.99, 95% CI 0.87–1.13), yielding a significant “SNP by diabetes” 
interaction (p = 2 × 10−4). A similar association, although not reaching statistical 
significance, was found in a study by the University College, London School of 
Hygiene and Tropical Medicine, Edinburgh and Bristol (UCLEB) Consortium 
(including 12 prospective studies in patients mainly of European ancestries), in 
which the C-allele showed a non-significant trend for increasing CHD risk in 
patients with diabetes and without previous history of CAD (HR 1.25; 95% CI 
0.94–1.66) [42]. As reported in Fig.  6.4, the meta-analyses of these results with 
those from our studies yielded an increase in the significance of the association with 
CHD (HR 1.35; 95% CI 1.24–1.47, p = 8 × 10−10). Also in this study, rs10911021 
was not associated with CHD in patients without diabetes [42]. The association with 
increased CHD was confirmed also among 3295 patients with diabetes on primary 
CVD prevention enrolled in the prospective Look-AHEAD study [40]. In that study, 
conducted over 9.7 years of follow-up, the “C” risk allele was significantly associ-
ated with a 17% increased risk of CVD (HR 1.17, 95% CI 1.01–1.36, with CVD 
defined as a composite outcome of death from cardiovascular causes, non-fatal 
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Fig. 6.4 Association between variant rs10911021 at the GLUL locus and clinical outcomes in 
longitudinal studies of patients with and without diabetes
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myocardial infarction, non-fatal stroke, or hospitalization for angina). Another 
study, combining 1242 white subjects with type 2 diabetes from the Joslin Kidney 
Study (JKS) and the Gargano Mortality Study (GMS), confirmed the association of 
the C-allele with a higher risk of all-cause mortality (HR 1.32; 1.12–1.55, p = 0.0011) 
that appeared to be driven by cardiovascular mortality [41].

It is worth mentioning that two studies failed instead to detect a significant inter-
action between rs10911021 and diabetes on CAD risk [43, 44]. The design of these 
studies, however, was strongly biased towards the null hypothesis (i.e., finding no 
differences in the effect of gene on CAD between T2D and non-T2D, when instead 
a true difference is present) since prevalent cases of CAD were defined as having 
occurred among patients with diabetes regardless of whether the CAD events had 
occurred before or after the diagnosis of diabetes. Instead, a proper test of 
“gene  ×  environment” interaction requires that the environmental factor (in this 
case, diabetes) is present before the onset of the outcome (in this case, CAD), and 
that this exposure is long enough to influence the genetic effect (meaning that dura-
tion of diabetes should be taken into account). Therefore, by including only preva-
lent data, and considering CAD events prior to diabetes equivalent to those after 
diabetes, these studies introduced a crucial misclassification that biased results 
towards the null hypothesis.

More recently, in support of the generally consistent and well-replicated findings 
of the GLUL locus, functional studies have increased our understanding of the 
mechanism of this genetic effect, suggesting a dysfunction of the γ-glutamyl cycle, 
leading to intracellular alteration of glutathione levels that increases susceptibility 
to oxidative stress. These findings point to a new potential pharmacological target to 
reduce CAD disease in diabetes, as described in more detail in the section on 
“Development of New Preventive Interventions” [45].

 The HP Locus

Another genetic variant with a potential effect on CAD only in the presence of dia-
betic milieu has been identified in the HP gene (coding for Haptoglobin—a plasma 
protein binding-free hemoglobin, which, in physiological conditions, reduces 
hemoglobin-induced oxidative damage). This variant is a common biallelic Copy 
Number Variant (CNV—rs72294371), determining Haptoglobin proteins with dis-
tinct forms and lengths, leading, therefore, to three different genotypes (HP 1/1, HP 
1/2, and HP 2/2) [46–48]. The HP 2/2 genotype was found to increase the risk of 
incident CAD risk only in patients with HbA1c above 6.5% [49]. A similar trend 
was reported in other prospective studies [50], and HP 2\2 was found to increase 
CAD risk also in patients with type 1 diabetes [51]. However, in these studies, the 
interaction with Hba1c levels was not formally tested, or if it was, it was not signifi-
cant [50]. The evidence has been inconclusive also for the interaction between HP 
2/2 genotype and intensive glycemic control on incident of CAD events among 
patients with type 2 and type 1 diabetes [52–54]. Therefore, further validation and 
replication studies are required. Nonetheless, given the role of Hp in regulation of 
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hemoglobin-induced oxidative damage, these findings may be consistent with those 
on GLUL, as they also seem to suggest that anti-oxidant homeostasis plays a pivotal 
role in modulating the onset of coronary artery disease in patients with diabetes [50].

 Translating Genetic Findings to Clinical Practice

The discovery of genetic variants associated with CAD provides several opportuni-
ties to translate these findings into actionable items to improve the care of patients 
with diabetes. A straightforward application is the use of these genetic markers to 
improve prediction of CVD risk. From this standpoint, genetic markers can be con-
sidered and tested for validity, as it is done with other novel biomarkers, with the 
major advantages of (1) being stable over time (one test in a lifetime is sufficient) 
and (2) not being susceptible to reverse causation as no disease, treatment, or other 
modifiable factor can influence the presence of one or the other allele since these are 
inherited at conception. Another application relates to the discovery of new genes or 
pathways involved in CAD risk, which may point to new targets for cardiovascular 
prevention. Despite the challenges of moving from genetic associations to the iden-
tification of causal variants, causal genes, and the design of new drugs, this process 
has already being successful in some cases. Finally, pharmacogenetics is one of the 
most exciting and challenging field of investigation, holding the promise to use 
genetics variants to identify those subjects who might benefit the most from a spe-
cific treatment and distinguish them from those patients who would not derive ben-
efit or may be even harmed by it. The following Sections provide some examples in 
each of these fields of translational research.

 Improving CV Risk Assessment

Using genetic findings to improve risk prediction is an obvious application of 
genetic research on CVD/CAD. While individual SNPs cannot be used for this pur-
pose due to their small effects, the GRS combining multiple SNPs that were 
described above may provide this opportunity. Indeed, this has been showed to be 
the case in a recent study of the ACCORD cohort [19], in which the GRS combining 
160 CAD loci significantly improved the prediction of future CAD events when 
added to conventional risk factors. Although the C-statistics only minimally 
increased (+1%), there was a significant improvement in the correct classification of 
subjects in those who did and those who did not develop events during the follow-
 up, as shown by the substantial increase in relative Integrated Discrimination Index 
(rIDI  +  8%, p  =  7  ×  10−4) and in the Net Reclassification Index (NRI  =  0.16, 
p < 1 × 10−4). From a clinical perspective, the AHA and ACC committee used an 
rIDI threshold of at least 6% to evaluate whether it was useful or not to add a new 
biomarker to the Pooled Cohort Equations CVD risk model [55]. Therefore, this 
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GRS based on 204 variants (160 loci) would have passed that threshold and would 
have been considered for inclusion in the CVD risk equation.

An important determinant of the predictive performance of GRS’s is the number 
of loci that are included in the scores. This is illustrated well by a retrospective 
analysis of the performance of the GRSs that could have been built at different times 
during the past decade based on the CAD-associated SNPs that were known at each 
point in time. As can be seen in Fig. 6.5, the increase in the number of known CAD 
loci that could be included in the GRS [56] has been paralleled by an increase in the 
prediction and discrimination provided by this tool [19]. However, since the new 
CAD loci that are discovered have increasingly smaller effect on CAD risk, an 
increasingly larger number of SNPs is required to further increase the GRS perfor-
mance. This has led, over the past year, to the idea of building genome-wide poly-
genic risk score (GPRS) for CAD based on up to six million common variants, i.e., 
a GRS including all available common variants regardless of the p value for their 
association with CAD [57]. In the general population, these GPRS show better per-
formance in discriminating subjects at very high CAD risk as compared to “classic” 
GRS using only genome-wide significant variants. For instance, a GPRS based on 
six million variants could identify a significant (8%) proportion of the population 
having a cardiovascular risk equivalent to that of subjects with a rare monogenic 
form of CAD such as familial hypercholesterolemia [57, 58]. Several studies have 
then confirmed the usefulness of these GPRS on top of classic risk factors for the 
prediction of incident cardiovascular events [59–62]. However, some other studies 
have yielded negative or mixed results [63, 64], highlighting the need for further 
research with larger sample size and multiancestry representation [12]. Also, few 
studies have evaluated the role of these large GPRS in patients with type 2 diabetes. 
In a subset of 21,102 subjects from the UK Biobank, each S.D. of a GPRS based on 
more than six million common variants was associated with a 50% higher risk of 
prevalent CAD risk (OR per SD 1.50, 95% CI 1.43–1.57), and among 352 subjects 
with type 2 diabetes from the McGill Cardiac Complications in Diabetes cohort 
(MCCD) who underwent coronary angiography, it was associated with a 65% 
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Fig. 6.5 Progressive improvement of genetic risk scores (GRS) for prediction of incident CAD 
events in patients with type 2 diabetes from ACCORD.  Note: AHA/ACC ASCVD: 10-year 
American College of Cardiology (ACC)/American Heart Association (AHA) atherosclerotic car-
diovascular disease (ASCVD) risk estimator. (Adapted from Morieri et al. Diabetes Care 2018 [19])
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higher risk of multivessel stenosis (95% CI: 1.25–2.20) and larger number of major 
stenotic lesions (OR = 1.35; 95% CI 1.08–1.69) [65]. However, the performance of 
this GPRS in terms of improving risk prediction and discrimination over that pro-
vided by traditional risk factor has not been determined.

Overall, while more research is needed and further improvements can be 
expected, we can conclude that the genetic prediction tools that are available at this 
time, such as the GRS based on 204 SNPs [19], have reached the threshold for being 
adopted in clinical practice and efforts should be made to facilitate this process by 
incorporating them in the current clinical management guidelines.

 Development of New Preventive Interventions

Several of these CAD-associated variants affect genes with well-known links to 
classic factors (e.g., LDL-cholesterol or blood pressure) that are known to increase 
CAD risk both in patients with and without diabetes [66]. However, the majority of 
these genetic variants are located in proximity of genes with as of yet undefined 
function [12]. This provides many opportunities for novel discoveries on the mecha-
nisms regulating atherogenesis and the development of CAD in T2D, which in turn 
may potentially uncover novel targets for preventive strategies. At the same time, 
converting genetic associations into causal genes and atherogenetic pathways, and 
finding old or new drugs to target these, present several challenges that may delay 
the translation of genetic findings into clinical practice. These challenges are related 
to different factors, which are discussed below by describing three different genetic 
findings that are at different stages of translation into clinical practice: one still very 
far from this goal (locus 9p21), one half-way through achieving this goal (locus 
1q25, GLUL), and one for which this goal has been achieved (PCSK9 inhibitors).

 9p21 Locus

One of the clearest examples of how hard it can be to translate genetic associations 
into new preventive interventions is the 9p21.3 locus. This genomic region hosts the 
first genetic variants that were discovered to be associated with CAD by a genome- 
wide study back in 2007 [67, 68]. It is one of the most replicated genetic associa-
tions with CAD, including in subjects with diabetes [20, 22]. A recent meta-analysis 
of multiple genome-wide dataset of CAD, reported a summary Odds Ratio of 1.21 
(OR = 1.21, 95% CI 1.19–1.22, p = 5 × 10−204) for the leading variants in this locus 
(rs4977574), meaning that the odds of CAD are increased by ~21% for each risk 
allele carried by an individual [38]. Such increased risk is unaffected by adjustment 
for other cardiovascular risk factors, implying that this effect is independent from 
known risk pathways [69]. Yet, despite these consistent and replicated findings, and 
despite multiple functional studies [70–75], the mechanisms linking these variants 
to CAD are still unclear, making the translation of this finding into an actionable 
target far from being achieved [12]. One of the reasons for these disappointing 
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results relate to the large size of the locus harboring these CAD-associated vari-
ants—a 60 kb linkage disequilibrium block with no protein-coding genes. Current 
evidence supports the involvement of the long non-coding RNA CDKN2B-AS1 
(a.k.a. ANRIL, for antisense non-coding RNA in the INK4 locus), located in this 
region and expressed in many cell types relevant to the atherosclerotic process [70, 
71]. The CAD-associated variants have been found to influence ANRIL expression 
and splicing, increasing the supposedly pro-atherogenic, short linear ANRIL iso-
form and decreasing the long-circular anti-atherogenic isoform [72]. The closest 
protein-coding genes, which are placed outside the 60 kb locus where the CAD- 
associated variants are located, but could be influenced by them, code for cyclin-
dependent kinase inhibitor 2A and 2B (CDKN2A and CDKN2B). The products of 
these genes control cell proliferation, cell aging, and apoptosis, are expressed at 
high levels in endothelial and inflammatory cells and may be therefore also involved 
in the genetic association [73–75]. CDKN2A and CDKN2B are also expressed in 
pancreatic islets where they play a role in regulating islet cells regenerative capacity 
[75], consistent with in  vitro experiments showing that reduced expression of 
CDKN2A significantly modifies insulin secretion [76]. Indeed, the same locus also 
harbors at least two distinct genetic signals of association with a higher risk of dia-
betes, one of which is correlated with the CAD-associated variants [70, 77, 78]. 
Another element of complexity is that the 9p21 locus has been reported to have a 
larger effect on CAD risk among individuals with type 2 diabetes than in the general 
population, and among those with diabetes, to have a larger effect on among those 
with the worst glycemic control (as shown in Fig. 6.6) [20]. Such synergism between 
diabetes and the 9p21.3 locus on CVD suggests at least a partial overlap between 
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the pathways through which this locus and diabetes increase CAD risk. This inter-
action, however, has not been replicated in other studies, some of these reporting 
inconclusive results [70, 79–81], and other reporting significant interactions, but in 
the opposite direction for glycemic control [82] and the presence of diabetes [22]. 
Altogether, the lack of identification of the causal variant(s), causal gene(s), and 
tissue(s) that are involved in the association between the 9p21.3 locus and CAD 
clearly illustrate the challenges of translating genetic findings into clinically action-
able items. Nonetheless, the overlap between variants influencing CAD and T2D, 
the possible gene by diabetes and gene by glycemic control interactions, and the 
fact that this is the strongest CAD loci identified to data in general population, 
clearly warrant further studies of this locus.

 1q25 Locus

In contrast with the 9p21 locus, the 1q25 locus associated with CAD in patients with 
diabetes provides an example of a genetic finding with a more promising path 
towards its possible translation into novel treatments for cardiovascular prevention. 
Already in the first report of the association between this locus and CAD risk in 
patients with diabetes, the rs10911021 C-risk allele was shown to be associated 
with lower endothelial expression of the nearby gene GLUL [39] coding for gluta-
mine synthase—the catalytic enzyme-converting glutamate to the amino acid gluta-
mine [83]. Although the SNP was not associated with neither glutamate nor 
glutamine levels, it was found to be associated with lower pyroglutamic/glutamic 
ratio. These two metabolites are intermediates in the γ-glutamyl cycle, which is 
responsible for the production and homeostasis of the anti-oxidant glutathione 
(GSH). On this basis, the genetic variants affecting CHD risk in patients with dia-
betes have been postulated to acts through this pathway [39]. This hypothesis has 
been further investigated and confirmed in a recent study of a large collection of 
human umbilical vein endothelial cells (HUVECs) naturally carrying different gen-
otypes of rs10911021 and exposed to different glucose concentrations [45]. This 
study confirmed the association between the SNP and GLUL expression as well as 
its effect on a variety of metabolites related to glutamic acid metabolism and the 
γ-glutamyl cycle. In particular, the C-risk allele was associated with reduced GSH/
glutamate ratio and was found to be inversely related to S-lactoyl-glutathione, 
which originates from the GSH-mediated detoxification of methylglyoxal—a gly-
colysis byproduct and precursor of AGEs implicated in the pathogenesis of CVD in 
diabetes [84]. This raised the hypothesis that the detoxification of methylglyoxal is 
impaired among carriers of the rs10911021 C-allele risk and is responsible for the 
increase in CVD risk observed among these subjects. In support of this hypothesis, 
the study found (1) an increase of methylglyoxal levels per each C-allele copy in 
HUVEC cells and (2) a significant increase in methylglyoxal levels following GLUL 
down-regulation through shRNA interference. As summarized in Fig.  6.7, these 
findings support the following chain of events: C-risk allele → lower GLUL expres-
sion  →  impaired γ-glutamyl cycle and glyoxalase system  →  and higher, 
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pro- atherogenic, methylglyoxal levels [39]. Most importantly, from a translational 
point of view, the study showed that the increase in methylglyoxal levels induced by 
GLUL deficiency was completely prevented by exposing cells to high concentration 
of glutamine (the product of the GLUL regulated enzymatic reaction). Notably, oral 
supplementation with l-glutamine (a precursor of NAD) is an already FDA- 
approved treatment for sickle cell disease, in which this treatment was found to raise 
the NAD redox ratio in red blood cells and reduce oxidative stress [85–87]. 
Therefore, while further functional studies are required, these results may support 
the use of glutamine supplementation for cardiovascular prevention in patients with 
type 2 diabetes carrying the 1q25 risk allele—an approach whose usefulness can be 
easily investigated through a clinical trial.

 PCSK9

The PCSK9 locus is an example of a successful and completed translation of 
genetic finding into clinical activity, which, in less than 15 years from its discov-
ery, has led to the development and clinical use of a highly effective new cardio-
vascular prevention treatment, i.e., proprotein convertase subtilisin–kexin type 9 
inhibitors. The role of the PCSK9 gene in autosomal-dominant hypercholesterol-
emia was initially discovered in 2003 [88] and subsequent studies quickly led to 
the identification of the protein coded by this gene as a regulator of LDL-receptor 
(LDL-r) degradation. By binding to the LDL-r, PCSK9 promotes degradation of 
this molecule in hepatocytes, decreasing the clearance of LDL from circulation 
and therefore increase circulating LDL-cholesterol levels. In only a few years, the 
identification of rare loss-of-function PCSK9 mutations associated with reduced 
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LDL-cholesterol levels and CAD risk [89, 90], in particular in African Americans, 
led to the development of two monoclonal antibodies targeting the PCSK9 protein 
and reducing LDL- cholesterol levels [91–93]. Approved for treatment of hyper-
cholesterolemia in 2015, these inhibitors are very effective in reducing the inci-
dence of cardiovascular events and mortality in subjects at high cardiovascular risk 
[94–96]. The quick translation of the genetic finding with PCSK9 into new treat-
ments has been due to the initial link of this gene to a well-known CV risk factor 
(i.e., the LDL-cholesterol). It is reasonable to expect that developments will be 
much slower for those genetic findings for which the causal genes and pathways 
are not so clear. Nonetheless, the PCSK9 inhibitors story is encouraging and also 
provides additional hints concerning the usefulness of genetic studies. For instance, 
the findings of subjects carrying two loss-of-function PCSK9 alleles (i.e., with no 
or much reduced PCSK9 function) having no adverse health consequences sup-
ported the safety of PCSK9 pharmacological inhibition before the development of 
specific inhibitors and before clinical trials [97, 98]. One of the factors currently 
limiting the use of this cardiovascular preventive treatment is its high cost. One 
way to overcome this problem is to improve selection of subjects who will benefit 
the most from this treatment in order to prioritize treatment. In this regards, two 
distinct post hoc studies of randomized clinical trials have recently shown that 
subjects with a higher genetic risk of CAD, as identified with the use of a poly-
genic risk score for CAD similar to those described in the previous section, experi-
ence a higher relative and absolute risk reduction when treated with PCSK9 
inhibitors [99, 100]. These early data provide the rationale for a successful phar-
macogenomics approach as described in detail for other interventions in the next 
section.

 Personalization of Therapy

Over the past few years, several studies have tried to identify new approaches to 
personalize cardiovascular prevention treatment in patients with type 2 diabetes. 
One of these approaches has been based on the hypothesis that the response to car-
diovascular preventive treatment is partially determined by the genetic background 
of each patient. For this reason, there has been an increased interest, as part of the 
wider field of precision medicine, in pharmacogenetic studies aimed at identifying 
genetic variants associated with better or worse response to treatments. One may 
search for these variants through a genome-wide unbiased approach (i.e., without a 
priori hypotheses or set of genes being specified) or following a candidate-gene 
strategy (i.e., studying a set of pre-specified gene(s) or variant(s)). These approaches 
are complementary, since each of them has advantages and limitations. Below, we 
discuss two examples, one for each approach, showing promising results for imple-
mentation in clinical practice.
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 Genetics Determinants of Cardiovascular Response to Intensive 
Glycemic Control

Epidemiological studies have clearly shown the relationship between worst glyce-
mic control and increased incidence of macro- and micro-cardiovascular disease in 
patients with diabetes [101]. These observational findings were confirmed in ran-
domized controlled trials, in which interventions aimed at achieving intensive gly-
cemic control clearly showed a benefit in reducing the incidence of micro-vascular 
complications [101, 102]. Results were less clear for macro-vascular disease. While 
meta-analyses showed that intensive glycemic control was associated with a 15% 
reduction in the risk of myocardial infarction and 9% reduction in major cardiovas-
cular events [103], the effects on total and cardiovascular mortality were found to be 
neutral and in some cases even detrimental [101, 104]. For instance, the ACCORD 
clinical trial, which enrolled over 10,000 subjects, showed that participants random-
ized to intensive (Hba1c  <  6.0%) rather than standard glycemic control (Hba1c 
between 7% and 8%, in line with recommendation at the time the study was con-
ducted) experienced a significant reduction in myocardial infarction risk (−18%). 
However, this benefit was completely offset by a significant and paradoxical increase 
in total (+22%) as well as cardiovascular (+35%) mortality associated with inten-
sive glycemic control, which led to an early termination of the trial [104]. Following 
these results, the achievement of intensive glycemic control with Hba1c < 6.0% has 
not been recommended by guidelines. In addition, the more recently discovery and 
approval of innovative cardioprotective glucose-lowering treatments, such as 
SGLT2 inhibitors and GLP-1Receptor Agonists, have not changed this recommen-
dation. Indeed, although these drugs have shown a consistent cardiovascular benefit 
(including on mortality) as compared to placebo [66, 105], such an effect appears to 
be only in minor part related to HbA1c reduction [106–109], and these drugs are 
currently recommended for cardiovascular prevention according to the cardiovascu-
lar risk of patients and not to achieve lower HbA1c targets [66, 105]. Therefore, the 
question as to which patients might experience benefit or harm from intensive 
reduction of HbA1c, e.g., below 6.0%, is still unanswered.

Through genetic studies, we were able to provide an initial and promising answer 
to this question. Specifically, through a genome-wide analysis of over seven million 
common variants in self-reported white participants randomized to intensive glyce-
mic control in the ACCORD clinical trial, we have identified two distinct genetic 
signals that were associated with higher risk of cardiovascular mortality at genome- 
wide significance levels [110]. The first of these loci is located in an intron of the 
MGMT (O-6-methylguanine-DNA methyltransferase) gene on chromosome 10 
while the second is located upstream and proximal to three long intergenic non- 
coding (LINC) RNAs (LINC1335, LINC1333, and LINC1331) on chromosome 5. 
The leading SNPs at these loci were associated in the intensive glycemic control 
arm with 3.6- and 2.7-fold increases in risk of cardiovascular death per each copy of 
its allele (rs9299870, HR: 3.58; 95% CI 2.32–5.55 and rs57922, HR: 2.65 with 95% 
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CI 1.88–3.72, respectively). Combining the two variants together in a GRS ranging 
from 0 to 4 risk alleles, we found that those subjects carrying at least two risk alleles 
(around 30% of the population) had the double disadvantage of not deriving any 
benefit with respect to non-fatal myocardial infarction and experiencing a threefold 
increase in mortality when exposed to intensive glycemic control (red line on 
Fig. 6.8). By contrast, subjects with 0 or 1 risk allele experienced a reduction in 
non-fatal myocardial infarctions without any increase in mortality or even with a 
possible reduction in this outcome (green and yellow lines on Fig.  6.8). Similar 
effects were found in an observational cohort (the Joslin Kidney Study), in which 
only subjects carrying 0 or 1 risk alleles had a reduction of cardiovascular mortality 
when exposed to better glycemic control (defined as an HbA1c below the median 
level of 7.5%) [110]. These results were mechanistically enriched by the findings of 
an association between these variants and circulating fasting GLP-1 levels 
(glucagon- like peptide 1, active) [111]. Specifically, in the intensive glycemic con-
trol arm, subjects with 0 risk alleles for rs57922 (C/C homozygotes), i.e., those who 
derived the maximum cardiovascular benefits from intensive treatment, had a 22% 
increase in GLP-1 levels during follow-up, whereas subjects carrying two risk 
alleles (T/T homozygotes) had a 28% reduction in GLP-1 levels. These differences 
were not observed in the standard glycemic control arm, leading to a significant 
gene-by-intervention interaction. Altogether, these results suggest that a simple 
genetic test may allow the identification of those patients who might experience a 
cardiovascular benefit from more intense glycemic control than it is currently rec-
ommended (i.e., <6.0% vs. <6.5%). These data also suggest that those patients with 
detrimental cardiovascular response to intensive glycemic control might be identi-
fied by measuring GLP-1 levels after treatment intensification, and that these 
patients may especially benefit from the use of GLP1R agonists to lower their blood 
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Fig. 6.8 Effect of intensive glycemic control on cardiovascular mortality and non-fatal myocar-
dial infarction among participants in the ACCORD clinical trial stratified by a Genetic Risk Score 
derived from the combination of risk alleles at the 10q26 and 5q13 loci
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glucose. These data require additional validation before getting to the clinic, espe-
cially with regard to non-white populations, since these were not included in the 
genetic studies of ACORD because of their small sample size. Nonetheless, these 
findings illustrate the potential for using genetic markers in a clinical setting.

 Pharmacogenetic Studies on the Cardiovascular Effectiveness 
of Fenofibrate

Over the past few decades, several studies have investigated the cardiovascular effect 
of fibrates, including fenofibrate, in the general population and in particular in 
patients with type 2 diabetes [112–116]. Through the activation of the transcriptional 
factor peroxisome proliferator-activated receptor alpha (PPAR-alpha), fibrates 
improve lipid profile, and in particular, they contrast the so-called atherogenic dys-
lipidemia (defined by high triglycerides and low HDL-cholesterol levels)—a condi-
tion that is often present in patients with diabetes [117]. Fibrates, including 
fenofibrate, have also anti-inflammatory and anti-platelet actions that are indepen-
dent from their lipid-lowering effect [118, 119]. However, despite these promising 
features, results from clinical trial on cardiovascular outcomes have been disappoint-
ing, in particular in those studies testing the efficacy of fibrates as adds-on to statin 
treatment [113, 114, 120], which have shown a heterogeneous response, with benefi-
cial treatment only in the group of patients with atherogenic dyslipidemia [121–124]. 
Therefore, fibrates are not generally recommended by guidelines for cardiovascular 
prevention and might be considered only in those subjects with atherogenic dyslip-
idemia [66, 125]. Since several studies have shown that the lipid and anti-inflamma-
tory response to fenofibrate might be partially genetically determined [126, 127], we 
tested whether genetic variants could also be used to identify subjects with diabetes 
having a better cardiovascular response to fenofibrate. To maximize our chances of 
success, we leveraged the many studies on fenofibrate and PPAR-alpha activation 
and followed a candidate-gene approach using the data from ACCORD-Lipid clini-
cal trial [128, 129], in which more than 4000 patients with type 2 diabetes were 
randomized to fenofibrate or placebo on top of statin therapy, and for whom genetic 
data were available. First, we found that the cardiovascular effectiveness of fenofi-
brate was influenced by a common gain-of-function genetic variant (p.S447*) in the 
LPL gene, encoding for lipoprotein lipase (whose activity is enhanced by fenofi-
brate-induced PPAR-alpha activation [130, 131]), and already known to lower CAD 
risk [129, 132]. Specifically, we found that those subjects already carrying the allele 
increasing LPL activity did not derive any cardiovascular benefit from randomiza-
tion to fenofibrate (RR 1.56; 95% CI 0.98–2.47), whereas all other subjects experi-
enced a 19% risk reduction in the risk of major cardiovascular events (MACE) (RR 
0.81%; 95% CI 0.66–1.00, p for interaction 0.01). This finding, given the only nomi-
nally significance of the negative interaction and the lack of additional evidence to 
date, should be considered as merely hypothesis generating. However, this observa-
tion was important as it suggested that genetic variants in the PPAR-alpha pathway 
could be used to identify subjects with better response to fenofibrate. This was con-
firmed in another study, in which we tested more than 400 common variants at the 
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PPARA locus, finding a variant (rs6008845) showing a study-wide significant inter-
action with fenofibrate on MACE (p = 4 × 10−4) [128]. This interaction was discov-
ered in Whites patients, validated in African-Americans patients, and confirmed in 
observational cohorts. When all the observations from these different settings were 
combined together, they yielded a p value for interaction of 1 × 10−6. The interaction 
was such that, as shown in Fig. 6.9 Panel (a), those subjects carrying the T/T geno-
type (about one third of the population included in ACCORD trial) had a 51% MACE 
risk reduction over a median follow-up of 4.7 years of treatments (HR 0.49, 95% CI 
0.34–0.72), while subjects carrying other genotypes had no reduction in risk of 
MACE in response to this treatment. More importantly, the benefit of treatment with 
fenofibrate among those with T/T genotype was confirmed also in the subgroup of 
patients without atherogenic dyslipidemia, i.e., those for whom there was not current 
indication for treatment with fenofibrate. Based on these results, we estimated that 
the clinical benefit of fenofibrate, as assessed by the number of patients needed to be 
treated to avoid 1 MACE over the following 5 years (NNT), was similar among sub-
jects without dyslipidemia but with the rs6008845 T/T genotype to that among sub-
jects with atherogenic dyslipidemia. These results, while requiring further validation, 
clearly point to a pharmacogenetic approach towards optimal prescription of fenofi-
brate in patients with type 2 diabetes, which as shown in Fig. 6.9 Panel (b), would 
double the proportion of subjects who would benefit from this treatment.

Beyond the identification of a marker allowing the identification of subjects with 
better response to fenofibrate, these data have also provided important new insights 
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Fig. 6.9 Genetic variant (rs6008845) at the PPARA locus influencing the cardiovascular response 
to fenofibrate in ACCORD-Lipid. Panel (a): effectiveness of fenofibrate in reducing major cardio-
vascular events (MACE) risk in self-reported white patients from the ACCORD-Lipid trial. The 
results in the entire population are on the left and the results among participants without athero-
genic dyslipidemia (i.e., those among whom fenofibrate is not currently recommended for cardio-
vascular prevention) are on the right. Panel (b): hypothesis of pharmacogenetic approaches 
allowing the identification of a larger proportion of patients deriving benefit from fenofibrate as 
compared to patients identified solely through lipid profile. (Adapted from Morieri et al. Diabetes 
2020 [128])
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into the mechanism of action of fenofibrate. First, the SNP modulating the response 
to fenofibrate, which is located ~25 kb from the PPARA starting site, was associated 
with PPAR-alpha expression in multiple tissues. Although the relevant tissue(s) 
involved in the genetic effect have not yet been identified, this supports the hypoth-
esis that genetically determined PPAR-alpha expression (and activity) can influence 
the cardiovascular effectiveness of fenofibrate [128]. Second, we found that the dif-
ferences in cardiovascular risk reduction across genotypes were not paralleled by 
differences in fenofibrate-induced changes in lipid profile as captured by HDL-
cholesterol, triglycerides, or LDL-cholesterol levels. Although counterintuitive, 
these findings support those of a previous study showing that the lipid-lowering 
actions of fibrates explain only a small fraction of their cardiovascular effects (as 
small as 25% in the VA-HIT trial) [133] and that other metabolic effects of fibrates 
are probably involved. Indeed, in a small subset of ACCORD patients, we found 
that participants with the T/T genotype, i.e., those with a better cardiovascular 
response, had significantly lower levels of a pro-atherogenic chemokine (CCL11 or 
Eotaxin) after treatment with fenofibrate [128]. Whether these findings can be con-
firmed in larger populations, whether they explain the observed genetic effect, and 
what is the nature of the tissue(s) and cell type(s) involved in this genetic modula-
tion is being currently investigated.

 Conclusions and Future Directions

Over the past 15 years, there has been an exponential increase in our understanding 
of the genetic background of coronary artery disease in diabetes. Hundreds of CAD- 
associated loci have been discovered in the general population, and although most of 
them have yet unknown function, they have been found to increase CAD risk also in 
patients with diabetes. Genetic studies have provided clear validation of the long- 
standing hypothesis of a “common soil” between CAD and T2D, by identifying 
genetic variants, in particular those linked to insulin resistance, increasing the risk for 
both conditions. Genetic variants that increase CAD risk specifically in the presence 
of diabetes have also been identified and are currently under further investigation to 
develop new CVD-preventing treatments in diabetes. The combination of genetic 
variants into GRS’s has been shown to improve prediction of future cardiovascular 
events that might be useful for research and clinical purposes. Most importantly, the 
discovery of genetic variants associated with CAD has allowed the design of new 
drugs (e.g., PCSK9 inhibitors), and is paving the way to genetic-guided approaches 
to prescribe cardiovascular prevention treatments more precisely and effectively.

Yet, this is most likely just the beginning of the use of genetic findings to improve 
treatment and prevention of CAD in patients with diabetes and in the general popula-
tion. Despite these exciting results, the genetic analyses performed to date still have 
many limitations, which offer additional opportunities and point to new directions 
for future research. For instance, we are still far from being able to explain all the 
heritability and genetic susceptibility to CAD. The main reasons for this are the rela-
tively small effects of individual variants and the need to apply stringent significance 
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threshold (p < 5 × 10−8) to avoid false-positive findings. The combination of these 
factors has translated into limited statistical power, despite the relatively large sam-
ple size of the studies conducted thus far. Further increasing sample size, as it is 
being done by initiatives such as the UK Biobank, will provide a better definition of 
the association of the CAD variants identified to date and will likely lead to the iden-
tification of many other ones, including those with a low frequency, which have been 
thus far overlooked. Larger studies will also allow evaluation of possible gene- by- 
gene interactions (epistasis) affecting the risk of CAD. Indeed, we are currently esti-
mating the genetically determined risk conferred by variants considered individually, 
whereas the effects of some of them might depends on the presence of other variants. 
Testing this hypothesis on genome-wide scale, including millions of variants, will 
require very large sample sizes (i.e., millions of subjects) to achieve adequate power 
to reject the null hypothesis of no epistasis [134]. At the same time, sample sizes will 
need to be increased without sacrificing the quality on the phenotypic information, 
making sure, for instance, that diabetes is properly defined and precedes the onset of 
CAD in order to avoid the problems discussed in the section on “Development of 
New Preventive Interventions”. Finally, current studies are still mainly focused on 
European populations with inadequate representation of individuals of other ances-
tries. In fact, the majority of CAD loci discovered in the general population has been 
derived from studies of non-Hispanic whites, and GRS based on these variants show 
a poor performance in other racial groups. This problem has been reported not only 
in the general population [12] but also among subjects with diabetes. For instance, 
the two GRS for CAD developed in the Look-Ahead study and the ACCORD trial 
were not associated with increased risk in African- American subjects with type 2 
diabetes [17, 19]. There is therefore the need to develop GRS including ancestry-
specific loci and variants [12]. Moreover, as it has been the case for studies of the 
genetics of type 2 diabetes [22], these multi-ancestry approaches may foster the 
discovery of additional genetic variants associated with CAD. A case in point is the 
identification of the loss-of-function mutation of PCKS9 in African-American indi-
viduals, which prompted the development of PCSK9 inhibitors. Overcoming these 
challenges will be essential to continue the path towards a fast and highly effective 
translation of genetic findings into better strategies to prevent CAD and decrease the 
burden of this health problem among patients with diabetes.
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Chapter 7
Nitric Oxide, Its Role in Diabetes Mellitus 
and Methods to Improve Endothelial 
Function

Mariia Nikolaeva and Michael Johnstone

 Introduction

Diabetes mellitus (DM) is a major source of morbidity in the United States (US), 
affecting over 34 million people, which is more than 10% of US population [1]. The 
cause of much of this morbidity and mortality is vascular disease. Vascular disease 
in diabetics affects both large vessels and microvasculature, manifested as athero-
sclerosis and microangiopathy, respectively [2–7]. As discussed elsewhere in this 
text, atherosclerosis occurs earlier in diabetics than in non-diabetics, its severity is 
often greater, and its distribution is more diffuse [8, 9].

Because diabetes is a vascular disease, much attention has been given to the vas-
cular endothelium. It has a pivotal role in maintaining homeostasis of the blood 
vessels. The endothelium’s functions include modulating blood cell–vessel wall 
interactions and regulating blood fluidity, angiogenesis, lipoprotein metabolism, 
and vasomotion. One mediator that serves a significant function in maintaining vas-
cular homeostasis is nitric oxide (NO), also known as endothelium-derived relaxing 
factor (EDRF). Alterations in its elaboration, activity, or degradation play an impor-
tant role in the initiation and progression of vascular diseases.

In 1980, Furchgott discovered that the endothelium is responsible for the vasodi-
lator action of acetylcholine [10]. This finding has fostered a great number of inves-
tigations on the role of the endothelium on the initiation and development of vascular 
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disease and its subsequent clinical sequelae. Further research indicated that acetyl-
choline released a soluble factor from the endothelium termed EDRF and that this 
substance was released by other agents, including bradykinin, substance P, sero-
tonin, and adenosine triphosphate (ATP), and shear stress [11]. Ignarro used spectral 
analysis of hemoglobin to prove that EGRF was identical to NO [12]. Shortly there-
after, Palmer and colleagues concluded that NO was derived from the terminal gua-
nidino nitrogen of the amino acid l-arginine. The production of NO is catalyzed by 
the family of enzymes known as NO synthase (NOS) [13]. Three isoforms of NOS 
have been identified: endothelial NOS (eNOS), neuronal NOS (nNOS), and 
cytokine- inducible NOS (iNOS) [14].

The first two NOS isoforms are constituently expressed, whereas the latter is 
inducible by inflammatory cytokines. The synthesis and release of NO is positively 
regulated by multiple agonists, such as acetylcholine, histamine, serotonin, brady-
kinin, thrombin, ADP, substance P, as well as by shear stress, which is considered 
the main endothelial physiologic stimulus for NO production. NO synthesis requires 
its main substrate l-arginine and NOS cofactors including tetrahydrobiopterin 
(BH4), nicotinamide adenine dinucleotide phosphate (NADPH), flavin adenine 
dinucleotide (FAD), and flavin mononucleotide (FMN) [15].

Vascular smooth muscle responds to NO via stimulation of soluble guanylate 
cyclase and the formation of cyclic guanosine monophosphate (cGMP) [12]. cGMP 
modulates the effect of cGMP-dependent protein kinases, including protein kinase 
G-1 (PKG-I) two isoforms, PKG-Iα in vascular smooth myocytes and cardiomyo-
cytes and PKG-Iβ found in platelets [16]. Activation of PKG-Iα causes vascular 
smooth muscle relaxation by decreasing intracellular calcium and activating myo-
sin light chain phosphatase, which leads to decreased interaction between myosin 
light chains and actin. In vascular myocytes, decreased intracellular calcium con-
centration is achieved by extrusion of calcium from the cell through specific cal-
cium channels and its uptake by sarcoplasmic reticulum via sarcoplasmic/
endoplasmic reticulum calcium-ATPase (SERCA). In cardiomyocytes, calcium 
concentration decreases as a result of inhibition of L-type calcium channels on 
surface membrane and phosphorylation of phospholamban in sarcoplasmic reticu-
lum [16].

NO can affect systems that are cGMP independent; they include S-nitrosylation 
of proteins, involved in cell signaling [17], direct activation of adenylate cyclase, 
which has been described in cardiomyocytes [18], activation of cytosolic adenosine 
5′-diphosphate (ADP)-ribosyl transferase in the platelets, which catalyzed the 
transfer of ADP ribose to glyceraldehyde 3-phosphate dehydrogenase [19]. 
Furthermore, NO can interact with reactive oxygen species, resulting in peroxyni-
trite (ONOO−) formation, which induces inflammation and oxidative stress and will 
be explained in detail later in this chapter. The summary of the NO effects is shown 
in Fig. 7.1.

Although NO synthesis occurs in a wide variety of cell types and tissues other 
than vascular endothelium including platelets, macrophages, cardiac myocytes, and 
neuronal cells, the focus of this discussion is NO and the endothelium.
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Fig. 7.1 Summary of NO effects during eNOS coupling and uncoupling (reproduced from Cyr, 
A. R., Huckaby, L. V., Shiva, S. S., & Zuckerbraun, B. S. (2020). Nitric Oxide and Endothelial 
Dysfunction. Critical Care Clinics, 36(2), 307–321). NO formed by a coupled eNOS activity (blue 
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and tetrahydrobiopterin. l-citrulline and NO are created as a result of this reaction. In the uncou-
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−) are generated, which combine with NO and result 
in peroxynitrite (ONOO) formation. Effects of NO and ONOO as well as factors contributing to 
eNOS coupling and uncoupling are listed. These are explained in greater detail in the body of the 
text. NO—nitric oxide, NADPH—nicotinamide-adenine-dinucleotide phosphate, BH4—tetrahy-
drobiopterin, eNOS—endothelial nitric oxide synthase, ADMA—asymmetric dimethylarginine, 
L-NMMA—NG-Monomethyl-l-arginine, L-NAME—N(G)-nitro l-arginine methyl ester, FMN—
Flavin mononucleotide, FAD—flavin adenine dinucleotide, VEGF—vascular endothelial 
growth factor

 Physiologic Effects of Nitric Oxide on the Vascular System

NO is released continuously by vascular endothelial cells through the action of 
eNOS, and this basal release regulates vascular tone. NO is important in the main-
tenance of resting vascular tone [20], in particular the regulation of coronary resis-
tance vessels as well as pulmonary, renal, and cerebral vascular resistance [21, 22]. 
NO production is highest in the resistance vessels and may be important in the regu-
lation of vascular tone of various vascular beds [23], as well as blood pressure (BP) 
control.

NO also regulates production and release of other vasodilator substances respon-
sible for endothelial-dependent vasodilation by smooth vascular myocyte hyperpo-
larization (endothelium-dependent hyperpolarization, EDH). Vasodilation mediated 
by EDH is particularly important when NO synthesis is impaired, as it happens in 
endothelial dysfunction. In this situation, EDH takes over the vasodilatory function 
and partially compensates the loss of NO [24]. NO also modulates vascular tone by 
regulating the expression of various endothelial vasoconstrictors and growth fac-
tors, including platelet-derived growth factor-B and endothelin-1 (ET-1) [25].

NO is also involved in the regulation of myocardial contractility by a cGMP- 
dependent mechanism. This regulation occurs in the microvascular endothelium 
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which is in close proximity to cardiac myocytes. NO synthesized by eNOS and 
nNOS affects cardiac contractility by regulating excitation–contraction coupling, 
response to β1-adrenergic stimulation, mitochondrial respiration, and intracellular 
calcium concentration and sensitivity of cardiac sarcomeres to calcium. nNOS- 
mediated NO release leads to acetylcholine release in vagal neurons and inhibits 
norepinephrine release by sympathetic nerves in sinus node, which causes negative 
chronotropic effect [16] (Fig. 7.2).

NO also serves to maintain the integrity of the vascular endothelium through 
the interaction of both platelets and leukocytes with the vessel wall. Substances 
released during platelet activation (ADP, serotonin), or the coagulation cascade 
(thrombin) stimulate NO production [26]. NO is then released from the endothe-
lium into the vessel lumen, in which it interacts with platelets and disaggregates 

Fig. 7.2 Mechanisms of cardiovascular effects of NO (reproduced from ref. [16]). β1—adrenergic 
receptor β1; Ach—acetylcholine; m2—muscarinic acetylcholine receptor m2; NA—noradrena-
line; SNO—S-nitrosothiol; SR—sarcoplasmic reticulum; T-tubule—transverse-tubule

M. Nikolaeva and M. Johnstone



163

them via a cGMP-dependent mechanism [27]. Thus, if platelet aggregation occurs 
in a coronary artery, serotonin and ADP released by platelets and thrombin pro-
duction stimulates eNOS, resulting in NO formation and vasodilation. This pro-
cess is different in mechanical injury of the vessel, when thromboxane A2 and 
serotonin released by thrombocytes cause vasoconstriction to provide hemosta-
sis [24].

NO also serves to attenuate leukocyte–vascular wall interactions. Inhibition of 
NO promotes leukocyte adhesion to the endothelium and causes a rapid increase in 
microvascular permeability and vascular leakage that is characteristic of an acute 
inflammatory response [28].

In vitro [29] and in vivo [30] studies have demonstrated that NO can attenuate 
vascular smooth muscle proliferation. Animal studies have shown that l-arginine, 
the substrate for NOS, impairs neointimal proliferation after vascular injury [31].

 Nitric Oxide and the Development of Atherosclerosis

All the major cardiovascular risk factors (including hypertension, high levels of 
low-density lipoprotein [LDL] cholesterol, tobacco use) are associated with 
decreased endothelium-dependent vasodilation prior to the development of 
clinically apparent vascular disease. This would suggest that the endothelial 
damage is implicated in the development of atherosclerosis [32]. After endothe-
lial injury, platelets aggregate in those areas of cell damage, releasing growth 
factors and cytokines. As a result, the endothelium is more permeable to lipo-
proteins and other macromolecules, resulting in subendothelial accumulation of 
LDL-cholesterol, either directly or incorporated into macrophages. The LDL 
becomes oxidized, further promoting the development of atherosclerosis. This 
leads to leukocyte adhesion, vascular smooth muscle migration from the media 
to the intima, and consequent intimal proliferation and extracellular matrix 
production.

NO plays an essential role in vasodilation and vascular protection but also con-
tributes to the atherosclerotic plaque formation in certain circumstances. Results 
from the experimental studies on animals indicate that the role of NO produced by 
endothelial and neuronal NOS isoforms are protective, whereas inducible NOS has 
proatherogenic properties. eNOS is a constitutively expressed enzyme in the vascu-
lar endothelium. In physiologic levels, it has an ability to prevent atherosclerosis 
and vascular spasm on many levels. The main functions of NO produced by eNOS 
include the relaxation of smooth myocytes and prevention of platelet aggregation. It 
also inhibits leukocyte adhesion and migration through the vascular wall, vascular 
smooth muscle proliferation, and LDL oxidation [33]. eNOS deficiency in apoE/
eNOS-double knockout mice fed with a high-fat diet demonstrated significant 
increase in atherosclerotic burden compared to a control group of apoE knockout 
mice. Double knockout animals had coronary atherosclerosis, perivascular and 
myocardial fibrosis, thickened left ventricular wall, aortic aneurysms and 
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dissection, all of which was not observed in the control group [34]. Interestingly, 
eNOS overexpression was shown to be as dangerous as eNOS deficiency because of 
an uncoupling phenomenon. This occurs because of a decreased substrate (l-argi-
nine) or cofactors (such as BH4) resulting in the reaction shifting toward superoxide 
generation instead of NO production. This, in turn, results in peroxynitrite forma-
tion, which is a very reactive molecule that causes lipid peroxidation and cellular 
damage. In the experimental mouse model with the overexpression of eNOS, sup-
plementation of tetrahydrobiopterin inhibited the progression of atherosclerosis by 
restoration of NO synthesis [35].

iNOS is inactive in most tissues in normal circumstances. Its transcription is 
induced by inflammatory cytokines, leading to significant increase in NO levels. 
NO is produced in larger amounts by iNOS compared to eNOS, and because of that 
it interacts with superoxide radicals, resulting in above-mentioned peroxynitrite for-
mation and free radical-mediated cellular damage. iNOS also competes for BH4 
with eNOS, diminishing utilization of BH4 by eNOS for NO formation, and increas-
ing eNOS uncoupling [36]. The generated reactive oxygen species (ROS) and reac-
tive nitrogen species (RNS) induce the oxidative modification of LDL in endothelium 
and macrophages, resulting in endothelial dysfunction and initiating atherosclerotic 
plaque formation [37]. Miyoshi with colleagues demonstrated that atherosclerotic 
models of apoE knockout mice without iNOS gene had reduced LDL oxidation rate 
and had significantly lower atherosclerotic lesions after 12 weeks of high-fat diet 
compared with a control group [38].

nNOS can be primarily found in nervous system and is involved in neuronal 
signaling. It can be found in the vascular wall and atherosclerotic plaques. This 
enzyme generates NO and causes eNOS-independent vasodilation. This was dem-
onstrated in studies on human forearm [39] and coronary arteries [40]. Animal stud-
ies on apoE knockout mice show that nNOS protects from spontaneous 
atherosclerosis development [34] and the absence of nNOS in apoE knockout ani-
mals leads to the increase in atherosclerotic plaque burden compared to mice with 
normal nNOS [41].

 Endothelial Dysfunction and Diabetes Mellitus

The relative risk of cardiovascular mortality is doubled in diabetic individuals com-
pared to non-diabetics [42]. The specific mediators in diabetes which cause vascular 
disease are likely multifactorial. These include chronic inflammation, insulin resis-
tance, oxidative stress, and associated with diabetes hypertension and dyslipidemia. 
In diabetic individuals, endothelial dysfunction and insulin resistance usually coex-
ist and reinforce each other, creating a vicious cycle leading to accelerating athero-
sclerosis and arterial stiffness.
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 Endothelium-Dependent Vasodilation in Animal Models

Endothelium-dependent vasodilation occurs as a response to vasodilator substances 
released by endothelial cells, which causes relaxation of underlying smooth myo-
cytes. NO is the main player in this process, although recent studies revealed another 
important mechanism of endothelium-dependent relaxation, called endothelium- 
dependent hyperpolarization (EDH). It works independently of action of NO and 
results in hyperpolarization of the cell membrane of vascular smooth muscle, caus-
ing smooth muscle relaxation [24].

Studies using different animal models of diabetes in several vascular beds [43–
46] suggest that there is a decrease in endothelium-dependent vasodilation in the 
diabetic state. In two such animal models of type 1 diabetes, rats are made diabetic 
with streptozocin or rabbits made diabetic with alloxan, pancreatic β-cells are 
destroyed, with a corresponding decrease in insulin secretion. Studies evaluating 
endothelium-dependent vasodilation in these animal models have demonstrated a 
decreased response to endothelial stimulators such as ADP, acetylcholine, or its 
analog methacholine [44].

Similarly, in an animal model of type 2 diabetes, the Zucker rat, which is charac-
terized by hyperglycemia because of insulin resistance, abnormal endothelium- 
dependent vasodilation is also observed [43]. The early vascular dysfunction that 
occurs in type 1 diabetic animal models can be prevented with insulin therapy [47, 
48]. The abnormal endothelial cell function that develops appears to be as a result 
of hyperglycemia rather than any other metabolic disturbance. This has been dem-
onstrated by in vitro incubation experiments in which isolated arteries exposed to 
elevated glucose concentrations have similar decrease in endothelium-dependent 
vasodilation [49, 50]. This effect does not seem to be as a result of the hyperosmo-
larity because similar concentrations of mannitol have no effect on endothelium- 
dependent relaxation [49]. The decreased endothelium-dependent vasodilation that 
occurs may be as a result of decreased synthesis or release of NO, decreased respon-
siveness if the smooth muscle to NO, the inactivation of NO by superoxide radicals, 
generation of endothelial vasoconstrictive factors, or impaired endothelium- 
dependent hyperpolarization by altered potassium channel expression on smooth 
myocytes. This will be discussed in greater detail later in this chapter.

Early in the course of experimental diabetes, there is a selective decrease in the 
response to those endothelium-dependent vasodilators that are mediated by endo-
thelial call receptors. The responsiveness of the endothelium to the direct endothe-
lial vasodilator A23187, or the smooth muscle to nitrovasodilators, is preserved. 
Using a diabetic rabbit model, abnormal endothelium-dependent relaxation was 
also found [51] within 6 weeks of initiating the diabetic state. This may be explained 
by a decrease in the number of receptors, or in their function. These changes are 
specific to the diabetic state because these abnormal responses do not occur within 
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2 weeks after initiating the diabetic state and are not found in rabbits not made dia-
betic after alloxan treatment [52]. Yet, after a longer duration of diabetes, several 
groups have demonstrated a decrease in smooth muscle cGMP, suggesting a 
decrease in NO release or action over time [43, 53].

Endothelial cell dysfunction in diabetes may be explained in part not only to 
perturbations on NO activity or levels but the effect of vasoconstrictor prostanoids. 
There is increased expression of cyclooxygenase-2 mRNA and proteins levels with 
hyperglycemia in cultured human aortic endothelial cells but not cyclooxygenase-1. 
Cohen’s group noted that endothelium-dependent relaxation in arteries of diabetic 
animals could be restored by the administration of cyclooxygenase inhibitors or 
thromboxane A2 receptor antagonists, suggesting the presence of vasoconstrictor 
prostanoids [45, 50]. The responsiveness of smooth muscle to direct smooth muscle 
vasodilators is similar in both diabetic and normal animal models, suggesting that 
decreased responsiveness to NO is not affected [44, 45].

There is an increase in oxygen-derived free radicals [54], either because if an 
increase in free radical production or because of a decrease in the free radical scav-
enger system. Furthermore, free radical scavengers have been shown to improve the 
abnormal endothelium-dependent vasodilation [55, 56], implying that such free 
radicals may contribute to the abnormal endothelium-dependent relaxations.

As was previously mentioned, endothelium-dependent hyperpolarization is 
another important mechanism of endothelium-dependent vasodilation, which also 
becomes disrupted in the diabetic state. This pathway is regulated by endothelium- 
dependent hyperpolarization factor, which causes opening of calcium-activated K+ 
channels in smooth myocytes and plays an important role in basal and reactive 
changes in vascular blood flow. A study conducted by Misurski with colleagues 
showed that the activation of calcium-activated potassium channels may compen-
sate for diminished NO-mediated vasodilation in diabetic rats. In a group of 
streptozotocin- treated diabetic Sprague–Dawley rats, the vasodilatory response of 
the mesenteric artery to acetylcholine was attenuated compared to control group, 
with preserved vasodilation in both groups in response to nitroprusside, suggesting 
an impairment in endothelium-dependent vasodilation. NOS inhibition showed less 
attenuated vasodilation to acetylcholine in the group with longer duration of diabe-
tes (14 weeks vs. 2 weeks) and compared to non-diabetic controls, which demon-
strated a significant role of non-NO-mediated endothelium-dependent mechanism 
of vasodilation in diabetes. NO-mediated acetylcholine-induced vasodilation, which 
was measured in the presence of potassium channel inhibitor tetrabutylammonium, 
in both 2-week and 14-week diabetic groups, demonstrated a similar degree of 
impairment in vasodilation. However, in diabetic rats, the degree of vasodilation in 
both NOS inhibition as well as calcium-dependent potassium channel inhibition 
was attenuated compared to controls, which showed that both NO-mediated and 
EDH-mediated components of endothelium-mediated vasodilation are impaired in 
diabetic state [57]. Similarly, in the experiment conducted by Mayhan et al., EDH- 
mediated vasodilation was shown to be attenuated in the diabetic state. In their 
in vivo study on rats, activation of inward-rectifier and calcium-activated potassium 
channels demonstrated impaired vasodilatory response in cerebral blood vessels in 
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diabetic compared to non-diabetic rats [58]. Earlier studies on cerebral vasculature 
of rats also demonstrated impairment in EDH-mediated vasodilation in diabetic 
state. In the diabetic group, the rats’ pial arterioles showed less significant vasodila-
tion in response to activators of ATP-sensitive potassium channels aprikalim and 
levcromakalim compared to a control group [59, 60]. Nitroglycerin did not demon-
strate a statistically significant response on arterial diameter in both groups, sugges-
tive of an alteration in ATP-sensitive potassium channels in the diabetic state [60].

 Human Studies of Endothelium-Dependent Vasodilation 
in Insulin-Dependent Diabetes Mellitus

Human studies evaluating the effects of DM on endothelium-dependent vasodila-
tion have yielded some conflicting results, although they generally corroborate 
those found in animal studies. Saenz de Tejada et  al. [61] studied penile tissue 
excised from med with erective dysfunction and found that endothelium-dependent 
relaxation is reduced in the corpus cavernosa of men with erectile dysfunction with 
diabetes relative to those who are not diabetic.

However, in vitro studies involving human subjects with insulin-dependent dia-
betes have demonstrated both blunted and normal vasodilatory responses to acetyl-
choline, methacholine, or carbachol (the latter who being acetylcholine analogs) in 
forearm resistance vessels in patients with DM [62–64]. To evaluate in vivo endo-
thelial function on these vessels, we and others have employed the venous occlusive 
plethysmography technique. Type 1 diabetic [62] individuals were shown to have 
impaired endothelium-dependent responses to methacholine in the forearm resis-
tance vessels. The vasodilator response to both nitroprusside and verapamil, both 
endothelium-independent, were preserved. In this study, all the patients were taking 
aspirin, making it unlikely that vasodilator prostanoids were responsible for the 
altered endothelium-dependent relaxation. The degree of attenuation of forearm 
blood flow (FBF) response to methacholine was inversely correlated with the serum 
insulin level, but it did not significantly correlate with serum glucose concentration, 
glycosylated hemoglobin, or duration of diabetes.

Calver et  al. [64] reported a decrease in responsiveness of N-monomethyl-l- 
arginine (L-MNNA), an inhibitor of NOS, suggesting a decrease in the basal NO 
release from the endothelium. Conversely, Smits et al. [63] and Halkin et al. [65] did 
not detect any impairment in endothelium-dependent vasodilation with type 1 dia-
betes. Both flow-mediated relaxation and endothelium-independent responses have 
also been found to the impaired in non-atherosclerotic peripheral conduit arteries 
and in angiographically normal coronary vessels in diabetic subjects [66, 67].

The reason for these contradictory results is unclear and probably multifactorial. 
Closer examination of these reports reveals that the subject population was not uni-
form between the various groups. Variations included the presence of absence of 
macrovascular or microvascular complications and autonomic dysfunction, the 
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gender studied (single sex vs. mixed), the degree of long-term glycemic control, the 
serum glucose concentration, the presence or absence of microalbuminuria, and the 
serum insulin concentration. Microalbuminuria, an early marker of diabetic 
nephropathy and a predictor of coronary artery disease (CAD), may correlate with 
the severity of endothelial dysfunction. Endothelial function in insulin-dependent 
diabetic subjects was normal in those studies that excluded individuals with micro-
albuminuria [63, 65] and abnormal in the study that included subjects with microal-
buminuria [64].

The degree of glucose control may, in part, explain the variation in the data [62, 
64, 68], because it has been established that glucose alone can alter endothelial 
function [69]. The serum insulin concentration was not routinely measured in most 
of these studies, although we found an inverse relationship between the serum insu-
lin concentration and endothelial function [62]. Studies involving mixed genders 
might add further variation relative to studies with men alone because women 
appear to be protected against the adverse effects of risk factors of endothelium- 
dependent vasodilation compared with men [70]. Lastly, the presence of autonomic 
dysfunction in the study subjects may alter the response to the various agents 
administered.

 Human Studies of Endothelium-Dependent Vasodilation 
in Non- insulin-Dependent Diabetes Mellitus

Reduced endothelium-dependent vasodilation was demonstrated in studies on dif-
ferent vascular beds of patients with type 2 diabetes [71–74]. Several studies also 
demonstrated that the impairment in endothelium-independent vasodilation was in 
type 2 DM [75–77]. These results would suggest that the mechanism of the impair-
ment of vasodilation in type 2 diabetes might be different from that of type 1. It is 
important to note that patients with type 2 diabetes are usually older and have other 
cardiovascular risk factors, including dyslipidemia and hypertension [78] which, by 
themselves, can contribute to an impairment of endothelial function.

 Possible Mechanisms of Impaired 
Endothelium-Dependent Vasodilation

The proposed mechanisms by which diabetes affects endothelial function may 
result from the changes in glucose metabolism, alterations in insulin signaling path-
ways and endothelial dysfunction, impaired NO synthesis due to oxidative stress, 
decreased availability of substrates and cofactors of NO synthesis, eNOS modifica-
tions causing its uncoupling, presence of endogenous eNOS inhibitors, and 
increased NO breakdown (Table 7.1).
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Table 7.1 Mechanisms of endothelium-dependent vasodilation in diabetes

Alteration in insulin signaling pathways
• Attenuation of PI3K signaling (vasodilating) pathway
• Activation of MAPK-mediated (vasoconstricting) pathway
Impaired NO synthesis and/or sensitivity
• Oxidative stress and increase in NADPH oxidase activity
• Increase in oxidized LDL
• Deficiency in NO substrates and cofactors (e.g., l-arginine, BH4, NADPH)
• eNOS S-glutathionylation
Increased concentration of endogenous inhibitors of eNOS
• eNOS inhibition by ADMA
• eNOS inhibition by Caveolin-1
Increased NO inactivation (decreased bioavailability) and/or breakdown of NO
• NO inactivation by AGEs
• NO inactivation by peroxynitrite
eNOS inactivation by free fatty acids

PI3K—phosphatidylinositol 3-kinase; MAPK—mitogen-activated kinase; NO—nitric oxide; 
NADPH—reduced nicotinamide-adenine-dinucleotide phosphate; LDL—low-density lipopro-
teins; BH4—tetrahydrobiopterin; eNOS—endothelial nitric oxide synthase; ADMA—asymmetric 
dimethylarginine; AGEs—advanced glycosylation end-products

 Alterations in the Insulin Signaling Pathways 
and Endothelial Dysfunction

Vascular endothelium plays an important role in maintaining vascular homeostasis. 
It has a control over vascular lumen size by mechanical transduction of frictional 
force from blood flow to the vessel wall, which regulates the vascular tone to meet 
tissue demand [79]. Insulin plays an important role in vascular homeostasis by 
increasing vascular compliance of conduit arteries, dilating resistant arterioles, and 
increasing vascular permeability to nutrients [80]. Insulin effect on vascular diam-
eter depends on a signaling pathway that gets activated (Fig. 7.3) [82]. While this 
has been reviewed in detail earlier in this text (See Chap. 3), we will review it here 
again. Classically, insulin’s effect on the endothelium results in vasodilation via 
increased NO production and bioavailability. When insulin resistance develops, the 
net effect of insulin stimulation results in vasoconstriction [81]. Insulin promotes 
eNOS activation via enhancement of eNOS expression in endothelial cells [83]. 
Activated insulin receptors stimulate intrinsic kinase activity, leading to phosphory-
lation of insulin receptor substrate (IRS) proteins. In turn, they activate phosphati-
dylinositol 3-kinase (PI3K)-mediated mechanism, which results in activation of 
different serine/threonine kinases, specifically protein kinase B, also known as Akt, 
which activates eNOS by phosphorylation of serine residue 1177 [84]. In addition 
to phosphorylation, eNOS undergoes other posttranslational modifications, includ-
ing palmitoylation, nitrosylation, and addition of N-acetyl-glucosamine residue. 
These mechanisms provide basal and insulin-stimulated production of NO [85].
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Fig. 7.3 Insulin receptor (IR) signaling pathways (reproduced from ref. [81]). Under normal con-
ditions, stimulation of IR results in activation of the PI3K–Akt pathway, resulting in phosphoryla-
tion of eNOS, NO formation, and vasodilation. In case of insulin resistance (caused by increased 
activity of renin–angiotensin–aldosterone system and nutrient excess) there is increased phosphor-
ylation of serine in insulin receptor substrate, which increases activation of MAPK signaling path-
way. Aldo—aldosterone; Ang II—angiotensin II; AT1R—angiotensin II type 1 receptor; 
eNOS—endothelial NO synthase; ET-1—endothelin-1; IGF1-R—insulin-like growth factor-1 
receptor; IR—insulin receptor; mTOR—mammalian target of rapamycin; MR—mineralocorticoid 
receptor; MAPK—mitogen-activated protein kinase; NO—nitric oxide; PI3K—phosphatidylino-
sitol 3-kinase; p—phosphorylation; Akt—protein kinase B; Ser—serine; Ser K—serine kinase; 
Thr—threonine; Tyr—tyrosine

Interestingly, endothelial-dependent relaxation occurring through PI3K activa-
tion, also mediates glucose uptake in skeletal muscle, as well as glycogen and pro-
tein synthesis, which demonstrates the primary role of this pathway in metabolic 
actions of insulin. When endothelial dysfunction develops, it aggravates insulin 
resistance, which can be partially explained by attenuation of PI3K pathway [81].

The vasoconstricting effect of insulin is mediated by mitogen-activated (MAP) 
kinase-dependent signaling, which also promotes the mitogenic and growth effects 
of insulin. This signal transduction pathway results in an increase of endothelin-1 
production and activates renin–angiotensin–aldosterone system (RAAS) [24]. 
Endothelin-1 is a potent vasoconstricting factor with profibrotic and inflammatory 
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properties, playing an important role in endothelial dysfunction in people with dia-
betes and obesity [80]. Endothelin-1 level was found to be increased in diabetes as 
demonstrated in both in vitro diabetic human umbilical vessel endothelial cells [86] 
as well as in clinical studies of diabetic patients [87]. Furthermore, studies involving 
diabetic Zucker rats demonstrate an upregulation of endothelial receptor ET-A, 
thereby augmenting endothelin’s effect [88].

There is evidence that insulin resistance leads to preferential activation of 
MAPK-mediated vasoconstricting pathway, whereas vasodilatory mechanisms 
become disrupted. An imbalance of vasodilators and vasoconstrictors caused by 
insulin resistance is demonstrated in rats. In normotensive and insulin sensitive rats, 
insulin caused a vasodilatory and dose-dependent effect on mesenteric arteries, 
which were contracted by norepinephrine before the experiment. This vasodilatory 
insulin effect was diminished by addition of inhibitors of tyrosine kinase (genis-
tein), PI3-kinase (wortmannin), and NO synthase (Nω-nitro-l-arginine methyl 
ester). Insulin-resistant hypertensive group of rats in the experiment showed 
impaired vasodilation by 20% compared to controls. Interestingly, ET-1 receptor 
blockade restored insulin-mediated vasodilation in this group, suggesting for ET-1 
involvement in vasoconstriction in insulin resistance [89]. Selective attenuation of 
insulin signaling was shown in ex vivo and in vivo experiment conducted by Jiang 
and colleagues on obese Zucker rats. Obese diabetic rats had decreased PI3-kinase 
activity stimulated by insulin in the aorta compared to the controls. A downstream 
pathway was also inhibited, which decreased insulin-stimulated serine phosphory-
lation of Akt in isolated microvessels in the experimental group. At the same time, 
MAP-kinase pathway was equally increased in microvasculature in both groups of 
rats, but in obese rats its baseline activity was higher [84].

 Impaired Nitric Oxide Synthesis and/or Sensitivity

Despite confirmed impairment in NO-mediated vasodilation in diabetes, studies 
have shown that hyperglycemia enhanced NO production and decreased its bio-
availability, causing ROS synthesis [90, 91]. Studies on humans measuring serum 
NO concentration showed contradicting results. Because NO has very short half- 
life, nitrite and nitrate levels are usually measured as a surrogate of total NO con-
centration. A large systematic review and meta-analysis conducted by Assmann and 
colleagues in 2016, which reviewed 30 studies measuring NO levels in diabetic 
individuals, showed that NO levels were significantly increased in plasma of both 
T1DM and T2DM patients compared with non-diabetic controls [92]. The authors 
hypothesized that this finding is possibly explained by increased NO production by 
iNOS in the diabetic state and/or xanthine oxidoreductase upregulation, with cor-
responding increase in ROS formation [93]. Several studies showed correlation 
between higher HbA1c level and plasma NO elevation [93, 94], as well as lower NO 
levels in patients with better controlled type 1 diabetes compared with poorly con-
trolled diabetes group [95]. Although majority of published studies describe 
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positive correlation between presence of diabetes and serum NO level, some studies 
found no correlation [96] or negative correlation [97, 98] between DM and NO 
level. The reasons of this inconsistency are unknown and require more studies on 
larger groups of patients.

As was previously mentioned, NO might have both protective and harmful 
effects on vasculature and endothelial function. On the one hand, it causes vasodila-
tion, prevents smooth muscle proliferation and platelet aggregation, and decreases 
inflammatory response. On the other hand, it can cause detrimental effects on the 
endothelium by generating ROS. The hypothesis that the elevation in total plasma 
NO in diabetes occurs because of predominant iNOS-mediated NO rather that 
eNOS-mediated NO synthesis is controversial. Studies on diabetic mice demon-
strated increased iNOS and decreased eNOS expression in coronary arterioles com-
pared to non-diabetic controls [99]. On the contrary, in the experiment conducted by 
Blum with colleagues, higher eNOS expression was demonstrated in vitro when 
human umbilical vessel cell cultures were incubated with sera of patients with pro-
liferative diabetic retinopathy (PDR), compared to sera of non-diabetic individuals 
or diabetic patients without PDR. This correlated with increased serum NO level in 
patients with PDR compared with two other groups. No difference was observed in 
iNOS expression [96]. These experiments demonstrate and confirm the complexity 
of NO metabolism in diabetic patients.

NO is continuously synthesized in endothelial cells by eNOS with l-arginine and 
oxygen, resulting in the formation of NO and l-citrulline. Any alternation in this 
pathway will result in decreased NO availability and impairment in NO synthesis. 
Increase in oxidized LDL, deficiency in BH4 or l-arginine, eNOS S-glutathionylation, 
and increase in NADPH oxidase activity result in eNOS uncoupling with subse-
quent chain of reactions resulting in decreased NO production and increased ROS 
generation [36].

 Oxidative Stress and Role of NADPH Oxidases

Oxidative stress occurs in conditions of imbalance between ROS and antioxidant 
system, including enzymes superoxide dismutase (SOD), catalase, and glutathione 
peroxidase [100]. Hyperglycemia promotes ROS generation through activation of 
protein kinase C (PKC)-mediated NADPH oxidases, formation of advanced glyco-
sylation end-products (AGEs), increased polyol synthesis, as well as eNOS uncou-
pling. It also causes a decrease in the free radical scavenger system and decrease in 
endogenous antioxidants SOD, catalase, and glutathione peroxidase, which was 
demonstrated on animal models [101, 102].

NADPH oxidases (NOX) are critical players in diabetes-related ROS formation. 
Type 1 and 2 NOX have been shown to cause endothelial dysfunction, whereas 
NOX type 4 appears to be an important component of normal glucose homeostasis 
by enhancing insulin signaling and preventing insulin resistance. NOX oxidizes 
BH4 causing its deficiency, which promotes eNOS uncoupling and turns it into a 
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superoxide-generating enzyme, with resulting decrease in the NO production. This 
leads to peroxynitrite formation and generation of oxidative and nitrosation–oxida-
tive stress [80], which with impaired eNOS bioactivity and increased leukocyte 
adhesion cause endothelial dysfunction [36]. Furthermore, both hyperglycemia- 
and hyperinsulinemia-activated endothelial NOX2 alter insulin signaling pathways 
by the enhancement of Raf/MAPK-mediated vasoconstriction and simultaneous 
attenuation of PI3K/Akt-mediated vasodilation [80]. Besides causing endothelial 
dysfunction, ROS decrease vascular smooth muscle responsiveness to NO because 
it changes the β subunit Fe2+ to Fe3+ in soluble guanylate cyclase, leading to loss of 
responsiveness to NO [103].

 Oxidized LDL (ox-LDL)

Type 2 diabetes is characterized by altered lipid metabolism and is associated with 
increased ox-LDL formation. Ox-LDL interacts with its receptor (lectin-like oxi-
dized low-density lipoprotein receptor 1 or LOX-1), which attenuates akt-mediated 
phosphorylation of eNOS serine 1177 (serine 1176  in mice) and downregulates 
eNOS synthesis [36] in a diabetic mouse model. Restoration of eNOS phosphoryla-
tion improved endothelium-dependent vascular relaxation and decreased stroke size 
after middle cerebral artery occlusion [104] in this animal model. Activation of 
LOX-1 also leads to upregulation of intracellular eNOS inhibitor caveolin-1 and 
plasma eNOS inhibitor asymmetric dimethylarginine (ADMA), activation of argi-
nase II, resulting in the attenuation of activity of eNOS and a decrease of the NO 
bioavailability [36].

 Decreased l-arginine Availability

Another explanation for a decrease in NO synthesis in diabetes is the decreased 
availability of l-arginine, an important substrate for NO synthesis. l-arginine can 
be metabolized into NO and l-citrulline by NOS or can be converted into l- ornithine 
and urea by arginase enzyme [105]. Relative depletion of l-arginine due to its aug-
mented breakdown with concomitant increase in l-ornithine and l-citrulline can be 
assessed by a global arginine bioavailability ratio (GABR). GABR is defined as 
[l-arginine]/([l-ornithine] +  [l-citrulline]). In studies decreased GABR has been 
independently associated with more significant coronary artery disease, increase in 
major adverse cardiovascular events (MACE) [105], endothelial dysfunction, and 
increased risk of cardiovascular mortality [106]. Several studies demonstrated that 
in diabetic individuals GABR is decreased compared to non-diabetics [106, 107].

Besides l-arginine in the serum, its intracellular concentration has also been 
shown to be important in eNOS regulation. Studies show that endothelial cells are 
not dependent on l-arginine from the extracellular space and are able to obtain it 
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from l-citrulline and from other sources, like protein breakdown [33]. The proposed 
mechanism of intracellular l-arginine depletion and resulting decrease in NO syn-
thesis is l-arginine breakdown by arginase enzyme, which metabolizes it into urea 
and l-ornithine [33]. l-arginine is a substrate for arginase I in liver, arginase II in 
peripheral tissues, and eNOS; therefore, arginases can reduce the available l- 
arginine to eNOS in cells and decrease NO generation. In the experiment on human 
corpora cavernosa, diabetic men with erectile dysfunction had increased arginase II 
gene and protein expression compared to the cavernosal tissue obtained from 
healthy non-diabetic men. Inhibition of arginase in the experiment significantly 
enhanced eNOS activity [108]. A significant elevation of the serum arginase activity 
was demonstrated in streptozocin-induced diabetic rats compared to controls and 
was strongly correlated with blood glucose level. Arginase inhibition with citrulline, 
norvaline, and ornithine significantly reduced AGEs concentration and showed 
decrease in diastolic blood pressure in diabetic rats. An impaired endothelium- 
dependent relaxation in response to acetylcholine in aortic rings observed in dia-
betic group of rats was prevented by arginase inhibition, suggesting an important 
role of arginase in decreased NO synthesis is diabetes [109].

Other mechanisms of l-arginine-dependent alterations in NO synthesis include 
its potential radical-scavenging properties, the cooperativity between l-arginine and 
BH4-binding sites of NOS, and competition of l-arginine with endogenous eNOS 
inhibitor ADMA for eNOS l-arginine binding site [33].

 Decreased Availability of Cofactors of NO Synthesis

Another requirement for the synthesis of NO is the availability of cofactors, includ-
ing oxygen, calcium, calmodulin, and reduced nicotinamide adenine dinucleotide 
phosphate (NADPH) [110]. Decreased availability of any of these cofactors would 
result in impaired synthesis of NO. One particular culprit that may be depleted in 
DM is NADPH, which undergoes increased consumption in hyperglycemic states 
and is restored via the pentose phosphate pathway. Hyperglycemia results in inhibi-
tion of this pathway, resulting in depletion of NADPH [111]. NADPH is a cofactor 
of aldose reductase enzyme, which converts glucose to sorbitol. Increased glucose 
conversion in the polyol pathway consumes NADPH, causing its depletion [112]. 
The second step is the oxidation of sorbitol to fructose, mediated by sorbitol dehy-
drogenase, which is coupled with the reduction of NAD+ to NADH [113]. The 
increased cytosolic NADH/NAD+ results in an altered redox state, which may alter 
the availability of tetrahydrobiopterin, an essential cofactor for NOS. If tetrahydro-
biopterin is depleted, NO production is decreased [114, 115]. Wu et  al. demon-
strated decreased NADPH concentration in the lung tissue of diabetic rats. In this 
experiment, activity of glucose-6-phosphade dehydrogenase and levels of reduced 
glutathione were found to be suppressed, suggesting that NADPH depletion was 
caused by its consumption by the polyol pathway and functional impairment of 
G6PD [116]. A similar finding has been described in pancreatic tissue of diabetic 
rats [117].
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 S-glutathionylation of eNOS

One of the recently discovered mechanisms of eNOS uncoupling is eNOS 
S-glutathionylation. S-glutathionylation is a posttranslational modification of the 
protein in which the protein binds a glutathione tripeptide via a disulfide bond [118]. 
This process is involved in intracellular signaling and adaptation to oxidative stress. 
Oxidative stress enhances S-glutathionylation of proteins, including eNOS. When it 
happens, the ability of eNOS to produce NO decreases, shifting its enzymatic activ-
ity toward free radical generation and decreasing endothelium-dependent vasodila-
tion [119]. This mechanism has been proposed to play a role in pathogenesis of 
endothelial dysfunction in diabetes [120] and hypertension [119] and was demon-
strated in the experiment on spontaneously hypertensive rats [33]. Thus, eNOS 
S-glutathionylation represents another mechanism implicated in eNOS uncoupling 
and requires further research as a potential target for treatment of endothelial dys-
function in diabetes [33].

 Increased Concentration of Endogenous Inhibitors of eNOS, 
ADMA, and Caveolin-1

Asymmetric dimethylarginine (ADMA) is a product of the degradation of methyl-
ated proteins containing l-arginine. l-arginine methylation in proteins is one of the 
posttranslational modifications, which determines signal transduction, histone func-
tion, and interaction of the resultant protein with other cellular proteins [121]. This 
process is mediated by the group of proteins called protein arginine methyltransfer-
ases (PRMT), which use S-adenosylmethionine as a methyl substrate. This results 
in the production of NG-Monomethyl-l-arginine (l-NMMA), ADMA, and sym-
metric dimethylarginine (SDMA). ADMA and L-NMMA are competitive inhibitors 
of all types of NOS. As a l-arginine analog, ADMA competes with it for eNOS 
l-arginine-binding site, thereby decreasing NO production in a dose-dependent 
fashion. In the vascular wall it also promotes free radical generation, which leads to 
eNOS uncoupling and decreased eNOS-derived NO bioavailability [122, 123].

There is evidence that ADMA levels are elevated in patients with type 2 diabetes, 
as well as in prediabetic individuals. Studies on ADMA level concentration in type 
1 diabetes are conflicting, with some of them reporting elevated levels [124] and 
other showing decreased ADMA levels in type 1 diabetic individuals compared to 
non-diabetic controls [125]. One study showed an elevated plasma concentration of 
ADMA, inflammation, and adhesion molecules in prediabetic subjects [126]. In 
patients with type 1 diabetes and diabetic nephropathy, elevated plasma ADMA 
levels were correlated with all-cause mortality, incidence of cardiovascular events, 
and progression of kidney disease even after adjustment for CVD risk factors and 
baseline GFR [127]. In one study on Sprague–Dawley rats with induced type 2 
diabetes, not only were ADMA levels elevated, but there was also reduced activity 
of dimethylarginine dimethylaminohydrolase (DDAH), an enzyme responsible for 
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ADMA degradation. After exposure to hyperglycemic conditions, vascular smooth 
muscle cells (VSMC) and human endothelial cells demonstrated reduced DDAH 
activity. This was accompanied by ADMA accumulation cGMP depletion, which 
was suggestive for an impaired NO synthesis in these cells [128]. One study involv-
ing type 2 diabetic patients without known diabetic complications had significantly 
higher ADMA levels than a control group of healthy volunteers, despite similarities 
of two groups in age, gender distribution, BMI, and lipid levels [129]. It was also 
shown that in a population of type 2 diabetic individuals there is a positive correla-
tion between higher ADMA levels and cardiovascular atherosclerotic disease inde-
pendently on other cardiovascular risk factors, including homocysteine [130].

High ADMA levels and low arginine/ADMA ratios were associated with 
increased all-cause mortality in a large Framingham Offspring Study Cohort con-
sisting of more than 3000 participants. Interestingly, in pre-specified analyses, this 
correlation was not observed in diabetic participants compared to those without 
diabetes. The Authors hypothesized that this phenomenon was caused by diabetes- 
related renal hyperfiltration with better renal clearance of ADMA at early stages of 
diabetic nephropathy (only participants with serum creatinine <2  mg/dL were 
included in the study), and potential more complex ADMA physiology in the pres-
ence of diabetes [131].

Another important inhibitor of eNOS activity described in literature is caveolin-
 1, a coat protein of caveolae, which are invaginations of plasma membranes. 
Caveolae are present in multiple cell types, including endothelial cells, VSMC, and 
adipocytes. Physiologically, they participate in maintaining plasma membrane 
integrity, signal transduction, and intercellular transport. Caveolin-1 upregulation 
decreases NO synthesis, whereas its downregulation causes the opposite effect. The 
disruption of caveolin-1 gene and absence of caveolae in mice increased the basal 
release of NO by 31% and caused threefold increase of its downstream mediator 
cGMP compared to mice with normal caveolin-1 function. Endothelium-dependent 
relaxation in aortic rings in the experimental group with disrupted caveolin-1 gene 
was markedly increased [132]. Caveolin-1 also plays an important role in insulin 
signaling pathway. An in  vitro study on adipocytes cultured in a hyperglycemic 
environment, demonstrated increased caveolin-1 expression, as well as insulin 
receptor and PI3K dephosphorylation and therefore development of insulin resis-
tance [133]. In both Type 1 and Type 2 diabetes, there is increase in caveolin-1 gene 
expression and as a result, eNOS inhibition and decreased NO synthesis [134].

 Increased Nitric Oxide Inactivation (Decreased Bioavailability) 
and/or Breakdown of Nitric Oxide

Interposed between the endothelium and the smooth muscle cells of the media is a 
layer of subendothelial collagen. The auto-oxidation of glucose results in a non- 
enzymatic glycosylation reaction between glucose and the amino groups of 
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protein, termed advanced glycosylation end-products (AGEs). AGE-modified pro-
teins interact with specific binding proteins, and trigger oxidation-enhancing reac-
tions. Studies demonstrated an important role for AGEs in pathogenesis of diabetic 
vasculopathy. At concentrations similar to those found in the plasma of diabetic 
subjects, AGEs have been shown both in vitro and in vivo to inhibit eNOS activ-
ity [135].

Bucala and coworkers demonstrated NO inactivation by AGEs via a rapid chemi-
cal reaction both in  vitro and in  vivo [136]. Diabetic rats were shown to have 
decreased endothelium-derived vasodilation over time, and insulin did not reverse 
this effect. However, aminoguanidine, an inhibitor of advanced glycosylation both 
in vivo and in vitro, slowed the development of the vasodilatory impairment.

Another mechanism of direct NO inactivation is ROS-mediated peroxynitrite 
formation, which was described earlier. NO avidly reacts with superoxide and 
other ROS, resulting in peroxynitrite production. Peroxynitrite is highly cytotoxic 
and causes protein, lipid, and DNA damage. In the presence of oxidative stress 
caused by imbalance between ROS generation and antioxidant system defense, 
increase in ROS concentration causes more NO inactivation and peroxynitrite for-
mation [137].

 Free Fatty Acids and Nitric Oxide

Circulating Free Fatty Acids (FFAs) may play a role in the impairment of endothe-
lial function in patients with DM. These FFAs are elevated in patients with DM 
because of excess liberation from adipose tissue and decreased uptake by skeletal 
muscle [138–140]. Patients with type 2 DM have increased abdominal adipose tis-
sue that is often more insulin resistant and tends to release more FFAs than adipose 
tissue from other locations. Infusion of FFAs have been shown to reduce endothelial- 
dependent vasodilation in both animal and human subjects [141].

The FFAs act to decrease endothelial function probably by several pathways, 
including increased production of oxygen-derived free radicals, activation of PKC, 
and a decrease in insulin receptor substrate-1-associated PI3K activity [142–144]. 
Overproduction of superoxide induced by FFA leads to activation of pro- 
inflammatory signals and inactivation of prostacyclin synthase and eNOS, leading 
to decreased synthesis of prostanoids and NO [145]. In both insulin-resistant obese 
Zucker rats and high-fat diet-induced insulin-resistant mice, inhibition of FFA 
release from adipocytes prevented eNOS and prostacyclin synthase inactivation. 
This effect was also achieved by inhibition of the FA oxidation by blocking a rate- 
limiting enzyme of this pathway and inhibition of ROS synthesis [146].

Increased levels of FFAs cause increased VLDL production and cholesteryl ester 
synthesis. The resulting increased triglycerides found in diabetic subjects, coupled 
with the lower high-density lipoprotein (HDL), have also been associated with 
endothelial dysfunction [147, 148] and are discussed in greater detail below.
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 Other Risk Factors in Diabetic Endothelial Dysfunction

 Dyslipidemia

Dyslipidemia is a common problem affecting patient with DM.  Much evidence 
shows that elevated total and LDL-cholesterol levels are associated with impaired 
endothelial function, independent of the presence of other cardiac risk factors 
[149–153]. Furthermore, it remains unclear whether the mechanism of the endothe-
lial dysfunction associated with dyslipidemia is the same as or different from that 
of DM. Possible mechanisms include decreased NO availability [154, 155], l-argi-
nine deficiency [152, 156], increased NO inactivation via superoxide production 
[157], and the pro-inflammatory state [158]. It is therefore difficult to determine 
accurately the relative contribution that dyslipidemia has on diabetic endothelial 
dysfunction.

The dyslipidemia frequently affecting type 2 diabetics is characterized by ele-
vated levels of small dense LDLs and triglycerides with low levels of HDL. The 
degree of impairment of endothelium-dependent relaxation in type 2 diabetics is 
significantly correlated with the serum triglycerides with low levels of HDL. The 
degree of impairment of endothelium-dependent relaxation in type 2 diabetics is 
significantly correlated with the serum triglyceride level [71] and inversely corre-
lated with LDL size [11, 159, 160]. Skyrme-Jones and colleagues [161] have 
reported a similar deleterious effect of the small, dense LDLs and the reduced LDL 
vitamin E content on endothelium-dependent vasodilation in patients with type 1 
diabetes. The diabetic state can result in the glycation of HDL, which may impair 
the protective effect of HDL on the endothelium [162].

 Hypertension

Numerous animal and clinical studies have demonstrated that hypertension reduces 
endothelium-dependent relaxation [101, 163–166]. It was shown that basal produc-
tion or release of NO is decreased in hypertensive patients [64, 167]. The possible 
mechanisms underlying the endothelial vasodilator dysfunction associated with 
hypertension include l-arginine deficiency [168], decreased muscarinic receptor 
function [169, 170], abnormalities in signal transduction [171], or NO inactivation 
by oxygen-derived free radicals [172–175].

As with dyslipidemia, hypertension is frequently associated with DM, making 
the relative contribution of either risk factor to the endothelial dysfunction found in 
the hypertensive diabetic person difficult to determine, Epidemiological studies 
have shown an association among obesity, insulin resistance, and hypertension 
[176, 177]. Further research has found that even lean individuals with essential 
hypertension are frequently insulin resistant. This finding led investigators to pro-
pose that insulin resistance and hyperinsulinemia may contribute to the pathogene-
sis of hypertension.
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 Lipotoxicity

Lipotoxicity refers to lipid accumulation in non-adipose tissue. This phenomenon is 
commonly observed in type 2 diabetes and metabolic syndrome. Lipotoxicity and glu-
cotoxicity augment each other and stimulate the production of diacylglycerol (DAG) 
and ceramides [81]. DAG activates intracellular protein kinase C (PKC) isoforms β1 
and β2 in endothelial cells, which inhibit intracellular effects of insulin, causing insu-
lin resistance. In an experiment on insulin-resistant Zucker obese rats, treatment with 
the PKCβ inhibitor ruboxistaurin partially restored impaired Akt phosphorylation and 
cGMP depletion in diabetic animals. In this experiment, it was also shown that only 
PKCβ isoforms (and not PKCα, -δ, or -ζ) decreased insulin- stimulated Akt phosphor-
ylation and eNOS expression [178]. Elevated PKCβ expression was also demonstrated 
in diabetic humans. Diabetic individuals also had altered insulin-mediated eNOS 
phosphorylation and decreased flow-mediated vasodilation compared to non-diabetic 
controls. Inhibition of PKCβ in diabetic patients improved eNOS phosphorylation at 
serine 1177 and reduced NFκB expression, which suggested that PKCβ impairs insu-
lin-mediated eNOS activation and promotes an inflammatory response [179]. 
Lipotoxicity also impairs insulin-mediated NO production by stimulation of Toll-like 
receptor 2 (TLR2) and subsequent activation of the inflammatory cascade [81].

 Potential Preventive and Therapeutic Options

 Protein Kinase C Inhibitors

Hyperglycemia can activate PKC, which in turn increases oxidative stress by 
increasing iNOS expression. Inhibitors of different subtypes of PKC have been 
shown to decreased iNOS expression and iNOS-mediated NO release [180, 181] 
and increase eNOS expression.

An inhibitor of PKCβ LY333531 has been developed; in an experimental model, 
it normalizes retinal blood flow and glomerular filtration rate in parallel with the 
inhibition of PKC activity [182]. Moreover, experiments on other animal models 
showed that LY333531 reduced the incidence of diabetic nephropathy, retinopathy, 
neuropathy, and increased eNOS expression in cultured aortic endothelial cells and 
endothelium-derived relaxation and attenuated glucose-induced oxidative stress. 
These findings suggest that PKC-β inhibition can improve endothelial function and 
prevent micro- and macrovascular complications in diabetes [183].

 Inhibitors of AGE Production

The production of AGE, as a result of prolonged exposure of proteins to chronic 
hyperglycemia, can result in direct quenching of NO and increasing the oxidative 
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stress. AGEs are formed in a reaction between ketones and aldehydes and protein 
amino groups. Activation of specific AGE receptors enhance NOX-1 activity, lead-
ing to ROS generation, which promotes inflammation, oxidative stress, and athero-
genesis. Inhibition of AGE accumulation has shown to decrease the progression of 
diabetes-mediated atherosclerosis [184] and improve endothelial function [185] in 
animal models. Telmisartan was shown to decrease AGE-induced C-reactive protein 
(CRP) generation by decreased expression of AGE receptors [186]. Glucagon-like 
peptide-1 demonstrated a decrease in the production of pro-inflammatory cytokines 
by inhibition of AGE receptors [187]. AGE inhibition has also been demonstrated 
with ACE inhibitors, statins, bisphosphonates, ascorbic acid, alpha-lipoic acid, car-
nosine, glucagon-like peptide-1 receptor agonist exendin, and NF-κB inhibitor- 
pyrrolidine dithiocarbamate [188].

 Vitamins C and E

As discussed earlier, one possible mechanism of endothelial dysfunction in both 
type 1 and type 2 DM is the inactivation of NO by oxygen-derived free radicals. 
Several clinical studies have reported a decrease in endogenous vitamin C [189, 
190] and E [189, 191] levels in both type 2 and type 1 DM. Any means of decreasing 
the oxidative stress has the potential to improve endothelium-dependent vasodila-
tion. Timimi et al. [192] and Ting and coworkers [193] found that intra- arterial infu-
sion of vitamin C improved endothelium-dependent (but not endothelium- independent) 
relaxation in patients with type 1 and type 2 diabetes, respectively. Furthermore, the 
intra-arterial infusion of ascorbic acid restored the impaired endothelial vasodilation 
in healthy subjects exposed to hyperglycemic clamp [194]. In another experiment, 
oral vitamin C and E supplementation was shown to improve endothelial function in 
type 1 diabetic patients but not those with type 2 diabetes [195]. Vitamin C supple-
mentation in patients with type 2 diabetes has been shown to improve glycemic 
control, blood pressure [196], lipid profile, and insulin sensitivity [197].

 Tetrahydrobiopterin

Prolonged hyperglycemia and hypercholesterolemia both cause a depletion of tetra-
hydrobiopterin (BH4), an essential cofactor for NOS, resulting in an uncoupling of 
eNOS and lowered production of NO [198]. BH4 supplementation has been exten-
sively studied to examine its effects on endothelial function by restoration of eNOS 
activity. In diabetic patients, BH4 supplementation showed improvement in 
endothelium- dependent dilation [199]. In a study on healthy subjects, BH4 supple-
mentation showed to restore impaired endothelium-dependent vasodilation induced 
by an oral glucose challenge [200]. Short-term BH4 supplementation has been 
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shown to improve endothelial function on many human studies [201], but data on 
long-term effects of BH4 supplementation is lacking. Unfortunately, BH4 systemic 
effects are limited by its oxidation to dihydrobiopterin (BH2), which does not serve 
as an eNOS cofactor [201]. Since oxidative stress enhances BH4 to BH2 conver-
sion, antioxidant supplementation (specifically, vitamin C) has been suggested to 
prevent this reaction. Vitamin C supplementation has been shown to increase BH4 
levels and eNOS activity in animal studies [202, 203].

 l-Arginine

As was mentioned earlier, a semi-essential amino acid l-arginine serves as a NO 
precursor, and deficiency of l-arginine or l-citrulline can cause a decrease in NO 
synthesis. Studies examining effects of l-arginine supplementation in diabetic ani-
mals showed improved NO availability, reduced tissue sorbitol accumulation, 
decreased oxidative stress [204, 205], reversal of endothelial dysfunction [206], and 
decrease in blood pressure [207].

Human trials studying the effects of arginine supplementation on endothelium- 
dependent vasodilation show conflicting results, with some showing a clear benefit 
of arginine supplementation [208, 209], while others show no effect [210], or in one 
study, even harm [211]. This latter study showed worse functional capacity in peo-
ple with peripheral artery disease taking arginine compared to placebo.

Studies on diabetic patients with oral arginine supplementation demonstrated 
reduced lipid peroxidation [212], decreased blood pressure [213], and improved 
insulin sensitivity [214]. A meta-analysis conducted by Odrigues-Krause et al. of 13 
randomized controlled trials comparing arginine supplementation with placebo in 
subjects with cardiovascular disease (coronary artery disease, peripheral artery dis-
ease, chronic heart failure, myocardial infarction, angina, etc.), obesity, and/or type 
2 diabetes revealed no improvement in endothelium-dependent vasodilation, and no 
changes in NO or ADMA concentration with arginine supplementation. Interestingly, 
in a subgroup analysis, it was shown that patients with obesity or T2DM had 
increased NO concentration with arginine supplementation [215]. A meta-analysis 
of trials studying clinical effects of l-arginine supplementation in patients with 
myocardial infarction did not demonstrate increase in survival, success of cardio-
pulmonary resuscitation, or decrease in myocardial reinfarction, recurrent myocar-
dial ischemia, heart failure hospitalizations, or shock in arginine group [216]. 
Another meta-analysis examining the effect of arginine supplementation on blood 
pressure revealed statistically significant decrease in systolic blood pressure on 
average by 5.39 mmHg and diastolic blood pressure by 2.66 mmHg [217]. Because 
of conflicting results, there is still not enough evidence to support l-arginine supple-
mentation in patients with diabetes or cardiovascular disease. It is also not clear 
what target populations will benefit from this intervention the most, and what dose 
should be used to achieve the desired effect [218].
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 Estrogen

Epidemiological studies show that premenopausal females have a decreased inci-
dence of CAD, stroke, and hypertension compared to age-matches males [219]. 
Estrogen has been proposed as a protective factor for cardiovascular health in pre-
menopausal females. Diabetic women have the same cardiovascular risk as non- 
diabetic men, suggesting that they are denied the cardiovascular protection of 
estrogen enjoyed by other premenopausal women [220]. Estrogen’s possible benefi-
cial effects and antiproliferative effects include improvement of lipid metabolism 
with decrease in LDL and increase in HDL [221], inhibition of platelet aggregation 
[222], reduction in oxidative stress with increased NO bioavailability, improvement 
in vascular smooth myocyte sensitivity to vasodilators [24], increased NO produc-
tion by increased eNOS activity and gene enhancement [223], and decreased in 
ADMA production [224]. Several investigators have demonstrated that estrogen 
improves endothelium-dependent vasodilation in ovariectomized animals [225, 
226] and postmenopausal women [227–229]. Early observational studies, including 
both The Nurses’ Health and Danish Studies, demonstrated a beneficial cardiovas-
cular effect of estrogen therapy in postmenopausal women [230, 231]. Conversely, 
the randomized placebo-controlled trial Women’s Health Initiative, which was com-
pleted in 2002, demonstrated that combined estrogen and progestin hormonal ther-
apy in postmenopausal females did not protect them from adverse cardiovascular 
outcomes and may have resulted in a slightly increased risk of coronary events 
[232]. Because observational studies with hormonal therapy started early after the 
onset of menopause showed a mostly protective effect, while randomized trials with 
later initiation of hormonal therapy resulted in an increase in adverse cardiovascular 
events, it has been hypothesized that the beneficial cardiovascular effect of estrogen 
occurs only in early menopause, which is commonly called the “timing hypothesis” 
[233]. Subsequent randomized trials of hormonal therapy started in early meno-
pause showed reduction in mortality, heart failure, myocardial infarction [233], with 
a series of meta-analyses supporting these findings [234, 235]. Despite that, the fear 
of potential complications of hormonal therapy, including breast cancer and throm-
botic complications, limit healthcare providers from the routine prescription of 
estrogens to postmenopausal females, The initiation of hormonal therapy solely for 
cardiovascular protection is not recommended by the current guidelines [236].

 Angiotensin-converting Enzyme (ACE) Inhibitors 
and Angiotensin Receptor Blockers

Angiotensin-converting enzyme (ACE) plays an important role in the renin–angio-
tensin–aldosterone system and the kinin–kallikrein system. The renin–angiotensin 
system is discussed in detail elsewhere in this volume. The kidney releases renin 
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into the systemic circulation in response to renal hypoperfusion, produced by hypo-
tension or volume depletion, and increased sympathetic activity [237]. Renin con-
verts angiotensinogen, made in the liver (and other organs including the kidney), to 
angiotensin I, which is inactive. Angiotensin I is then converted to angiotensin 
II. The reaction is catalyzed by an ACE, which presents in the pulmonary circula-
tion, and also in the endothelial cells. Angiotensin II is a potent vasoconstrictor and 
promotes renal sodium and water reabsorption [238]. It also increases the produc-
tion of aldosterone from the adrenal cortex, which also enhances sodium transport 
in the kidney. Furthermore, angiotensin II is a growth factor and potentiates 
thrombosis.

In the kinin–kallikrein system, bradykinin, a vasodilator, is produced in the kid-
ney from an inactive precursor, kininogen. In the circulation, bradykinin is metabo-
lized by kininases, one of which is ACE [239]. ACE inhibitor, therefore increases 
bradykinin levels and results in vasodilation, mediated in part by release of nitric 
oxide at vascular endothelial cells and in part of the stimulation of endothelial pro-
duction of prostacyclin [240].

Angiotensin II type 1 receptor blockers (ARBs) have the theoretical potential to 
be efficient with respect to vascular endothelial function. ARBs can provide a sus-
tained inhibition of the binding of angiotensin II to the Angiotensin-1 (AT1) recep-
tor, while during chronic ACE inhibitor therapy, angiotensin II levels may return to 
normal over time. Furthermore, ARBs do not affect the Angiotensin-2 (AT2) recep-
tor function that includes vasodilatory and antiproliferative ability. However, the 
absence of augmentation of bradykinin through inhibition of the kininase pathway 
may lead to differences between the effects of ARBs and ACE inhibitors [241].

ACE inhibitors and ARBs improve vascular function and cardiovascular out-
comes in Type 2 diabetes. Both agents unequivocally improve endothelial function 
in patients with Type 2 diabetes [242–245]. Studies in our unit with an ARB, valsar-
tan, showed an improvement in resting forearm skin blood flow and resting brachial 
artery diameter after 12 weeks in patients with type 2 diabetes [246]. In contrast, 
studies in subjects with Type 1 diabetes failed to be conclusive as they reported 
contradicting results [247, 248]. Regardless of their effect on endothelial function, 
it should be emphasized that ACE inhibitors and ARBs improve cardiovascular and 
all-cause mortality outcomes in patients with diabetes to a greater degree than in 
non-diabetics as noted in the subgroup analysis of the HOPE and LIFE studies 
(approximately 38% and 19%, respectively, of subjects had diabetes) [249, 250]. In 
addition, both of these agents appear to reduce the onset of Type 2 diabetes in sus-
ceptible populations. Thus, it appears that ACE inhibitors and ARBs improve vascu-
lar outcomes in patients with diabetes.

Aliskiren is a direct renin inhibitor that decreases plasma renin activity (PRA) 
and inhibits conversion of angiotensinogen to angiotensin I, the proximal rate- 
limiting step in the renin–angiotensin–aldosterone system (RAAS). Studies in our 
unit showed that aliskiren treatment was associated with improvement in 
endothelium- independent vasodilation at the skin microcirculation of T2DM 
patients [251]. Of interest, no changes were observed in subjects at risk of T2DM.
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 Lipid Lowering Medications

Statins have been shown to significantly lower the serum lipid levels and reduce 
cardiovascular morbidity and mortality in patients with and without coronary artery 
disease [252]. Because hypercholesterolemia and increased levels of oxidized LDL 
also impair endothelial function, it was initially thought that the beneficial effects of 
statins on cardiovascular disease (CVD) was solely related to their lipid lowering 
capacity but it was recognized that statins may act through mechanisms that are 
independent of LDL lowering [253]. More specifically, statins directly upregulate 
endothelial nitric oxide synthase (eNOS) and enhance NO production; these effects 
of statins are seen in normocholesterolemic cells [254–256]. By increasing NO pro-
duction, statins may interfere with atherosclerotic lesion development, stabilize 
plaque, inhibit platelet aggregation, improve blood flow, exert anti-inflammatory 
actions, and protect against ischemia [257, 258].

Although statins reduce the risk of major vascular events, endothelial-dependent 
vasorelaxation, a surrogate marker of such macrovascular events, is not clearly 
improved with statins. In particular, vasoreactivity does not improve after statin 
treatment in patients with poorly controlled diabetes [259]. Endothelial-dependent 
vasodilation does improve independently of lipid lowering in patients with better 
glycemic and lipid control in both Type 1 and Type 2 diabetes [260–264]. Statin use 
was also reported to ameliorate postprandial hypertriglyceridemic- and 
hyperglycemia- induced endothelial dysfunction and reduced serum nitrotyrosine 
levels in Type 2 diabetes, suggesting that its short-term, lipid-independent vascular 
benefits are secondary to decreased oxidative and nitrosative stress [265].

 Insulin Sensitizers

Abundant evidence has shown the association between insulin resistance and endo-
thelial dysfunction. Prolonged hyperinsulinemia induced by a euglycemic insulin 
clamp has been shown to impair endothelial-dependent vasodilation [266]. Obese 
individuals without diabetes but with insulin resistance are found to have blunted 
endothelium-dependent, but normal endothelium-independent vasodilation [267]. 
Thus, treatments that can improve insulin sensitivity have been investigated.

Thiazolidinediones (TZDs) belong to a class of drugs known as peroxisome 
proliferator activating receptor-γ (PPARγ) agonists and enhance insulin sensitivity 
of peripheral tissues (fat and muscle). They are known as insulin sensitizers and 
are used for the treatment of Type 2 diabetes. Initial studies, in endothelia cell 
cultures employing troglitazone, which was subsequently removed due to serious 
hepatic side effects, reported the inhibited expression of vascular cell adhesion 
molecule-1 (VCAM-1) and intercellular cell adhesion molecule-1 (ICAM-1) 
E-selectin, plasminogen activator inhibitor-1 (PAI-1), tumor necrosis factor α 
(TNFα) [268–270].
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An initial randomized placebo-controlled study from our unit that examined the 
effects of troglitazone on the endothelial function in early and late Type 2 diabetes 
showed that 12 weeks of troglitazone treatment improved the FMD and fasting insu-
lin only in the group of patients with recently diagnosed Type 2 diabetes and no 
macrovascular complications. Furthermore, troglitazone resulted in no changes in 
nitroglycerin-induced dilation (NID), microcirculation activity or biochemical 
markers of endothelial dysfunction [e.g., von Willebrand factor (vWF), ICAM, 
VCAM] in all 3 groups [271].

Currently, there are two PPARγ agonists available, rosiglitazone and piogli-
tazone but their effects on endothelial function are not well understood. Rosiglitazone 
significantly increased skin nitric oxide (NO) production and blood flow in the foot 
of diabetic patients [272]. Pioglitazone has been shown to have pleiotropic effects 
that include improvement in lipid metabolism, increased serum adiponectin levels 
and reduction of cardiovascular events in high-risk T2DM patients [273]. 
Pioglitazone improved FMD in one study that included non-diabetic hypertensive 
patients but had no effect in another study that investigated a similar group of 
patients [274, 275].

 DPP-4 Inhibitors and GLP-1 Receptor Agonists

Dipeptidyl peptidase-4 (DPP-4) is an enzyme that rapidly inactivates both GLP-1 
and gastric inhibitory peptide, which are intestinal-derived incretin hormones that 
play a major gluco-regulatory role. DPP-4 inhibitors improve glycemic control and 
preclinical studies suggested that may also have beneficial cardiovascular effects 
through both incretin-dependent and -independent mechanisms [276]. A recent 
study in our unit did not find any effect of linagliptin, a DPP-4 inhibitor, in both 
micro- and microcirculation but reported an increase in axon reflex-dependent vaso-
dilation, a marker of neurovascular function [277]. Additional studies that employed 
other DPP-4 inhibitors reported similar results [278].

GLP-1 receptor agonists (GLP RAs) are also widely employed to improve gly-
cemic control in T2DM patients. Exenatide improved endothelial function to a simi-
lar degree as insulin glargine in insulin- and incretin-naïve T2DM patients, indicating 
no specific effect on endothelial function [279]. Similar results were found in a 
study that compared liraglutide versus insulin glargine in T2DM with the same 
characteristics [280].

 SGLT-2 Inhibitors

Sodium–glucose cotransporter-2 (SGLT-2) inhibitors are a very recent class of anti-
diabetic drugs for T2DM patients. They mainly act in the proximal convoluted 
tubule of the kidney by reducing the renal threshold for reabsorption of glucose, 
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which leads to renal glycosuria and improvement of glycemic control. Their impor-
tance was greatly enhanced by studies that showed that they reduce risk for cardio-
vascular death, heart failure, and kidney failure [281–284]. However, despite these 
impressive therapeutic effects, there are no adequate data regarding the effects of 
SGLT-2 on endothelial function. Preliminary studies with dapagliflozin reported a 
beneficial effect, especially in early-stage T2DM with suboptimal glycemic control 
[285, 286].

 Conclusions

The normal endothelium plays an important role in the prevention of atherosclerosis 
and microvascular disease, and nitric oxide is an essential molecule actively involved 
in physiologic and pathologic pathways in the body. Diabetes is associated with 
both a systemic inflammatory state and endothelial dysfunction. Numerous studies 
have demonstrated an important role of NO in the pathogenesis of diabetic vascular 
complications. The proposed mechanisms by which diabetes affects endothelial 
function include changes in glucose metabolism, alterations in insulin signaling 
pathways, impaired NO synthesis due to oxidative stress, decreased availability of 
substrates and cofactors of NO synthesis, eNOS modifications causing its uncou-
pling, presence of endogenous eNOS inhibitors, and increased NO breakdown. 
Knowing the mechanisms of impaired NO metabolism in diabetes is crucial because 
it creates the essential foundation for discovery of new potential therapeutic strate-
gies to reverse endothelial dysfunction in diabetes, decrease the rate of micro- and 
macrovascular complications, and improve survival.
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 Introduction

Beyond a repository for energy via storage of triglycerides, adipose tissue also 
serves as an endocrine organ capable of synthesizing a number of biologically active 
compounds, the adipocytokines that regulate metabolic homeostasis. Adiponectin is 
the most abundant serum adipocytokine, principally secreted from adipose tissue. It 
acts as a key modulator of insulin sensitivity, and glucose and lipid metabolism [1]. 
Body fat distribution, insulin, sex hormones, tumor necrosis factor (TNF)-α, and 
peroxisome proliferator-activated receptor (PPAR)-α influence its regulation. This 
adipocytokine plays a crucial role in the endocrine functions of adipose tissue and 
in obesity-associated disorders [2]. Additionally, it exerts pleiotropic beneficial 
effects such as insulin-sensitizing, anti-inflammatory, anti-atherosclerotic, and car-
dioprotective properties [3]. Its serum concentrations decrease with obesity. 
Particularly, low plasma adiponectin levels are associated with the metabolic syn-
drome (MetS) and generally with an unfavorable cardio-metabolic risk profile, such 
as insulin resistance (IR), type 2 diabetes mellitus (T2DM), hypertension, and dys-
lipidemia [4]. Furthermore, the relationship between adiponectin, inflammation, 
and atherosclerosis makes this hormone an important factor that links obesity to 
cardiovascular disease (CVD). More recently, gut-proglucagon-derived peptides, 
which are briefly introduced herein, have also been identified as essential molecules 
in the regulation of glucose and energy metabolism.

 The Role of Healthy White Adipose Tissue: An Active 
Endocrine Organ

Two types of adipose tissue can be identified, which have opposing functions: (1) 
white adipose tissue (WAT) stores dietary energy mainly in the form of triglycer-
ides, and it releases free fatty acids (FFAs) into the circulation and (2) brown adi-
pose tissue (BAT) is specialized in non-shivering thermogenesis through lipid 
oxidation. BAT in humans is restricted to neonates and is gradually replaced by 
WAT with aging. However, recent data designate that BAT is also viable and func-
tional in human adults [5].

Particularly, WAT in humans is mainly located beneath the skin (subcutaneous 
adipose tissue [SAT]) and around the intra-abdominal organs (visceral adipose tissue 
[VAT]). Other common sites of adipose tissue accumulation include the bone mar-
row, the heart (epicardial adipose tissue), and the adventitia of blood vessels (i.e., 
periadventitial adipose tissue) [6, 7]. In addition to adipocytes, which represent the 
greatest percentage of cells within the adipose tissue, other cell types are also pres-
ent, including adipocyte precursor cells, capillary endothelial cells, fibroblasts, and 
inflammatory cells, that are collectively termed the stromal vascular fraction [6, 7].
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WAT functions as a key energy reservoir for other organs during the fasting state. 
The continuous storage and hydrolysis of triglycerides (i.e., a process known as 
lipolysis) is essential to maintain body weight homeostasis [6]. In addition, adipose 
tissue plays a role in thermo-insulation and mechanical protection of internal organs. 
Although WAT was traditionally perceived to act simply as a storage depot for 
excess energy, recently it has also been recognized to act as a highly dynamic endo-
crine organ that is involved in the regulation of insulin sensitivity, glucose, and lipid 
metabolism, as well as cardiovascular homeostasis. These functions are mediated 
by WAT’s ability to produce and secrete bioactive substances termed adipokines, 
which exert pro- and anti-inflammatory functions and may act both locally (auto-
crine/paracrine interactions) and systemically (endocrine) [6, 8–10]. These adipo-
kines include hormones implicated in energy balance (e.g., leptin, adiponectin), 
glucose tolerance and insulin sensitivity (adiponectin, resistin), conventional cyto-
kines (e.g., TNF-α, interleukin-6), and proteins involved in lipid metabolism (e.g., 
lipoprotein lipase, retinol binding protein), hemostasis (e.g., plasminogen activator 
inhibitor-1 and angiotensinogen), and in inflammatory and stress responses (such as 
haptoglobin and metallothionein) [11].

Adipsin was the first adipokine to be discovered in 1987 [12]. However, it was 
the discovery of the cytokine-like factor, leptin, in 1994 that redefined WAT as an 
endocrine organ, implicated in the regulation of energy balance and other physio-
logical processes [13, 14]. In the following decades, several hundreds of adipokines 
have been identified, such as adiponectin, chemerin, resistin, visfatin, and omentin. 
Adiponectin and leptin are the most abundantly produced adipokines. Leptin has 
been found to play an important role in the regulation of food intake and energy 
expenditure [13, 14], while adiponectin is an insulin sensitizer that possesses anti- 
inflammatory properties [10, 15]. Adipokines not only modulate the activity of adi-
pocytes, but they also mediate the crosstalk between WAT and other organs to 
regulate their metabolism (i.e., the liver, the muscle, the pancreas, and the central 
nervous system [CNS]) [6, 16]. Since they possess both pro- and anti-inflammatory 
properties, adipokines play a critical role in integrating systemic metabolism with 
immune function [17]. Furthermore, WAT expresses numerous receptors that allow 
it to respond to various hormonal stimuli.

 Adipose Tissue Dysfunction and Its Role in the Development 
of Cardio-metabolic Disorders

In response to excess energy supply, adipose tissue undergoes complete remodeling. 
This encompasses activation of various cell types, such as mural cells, macrophages, 
and preadipocytes. Failure to adequately remodel while expanding results in adi-
pose tissue dysfunction, chronic inflammation, and metabolic dysfunction. Adipose 
tissue dysfunction is characterized by an increase in adipocyte size (adipocyte 
hypertrophy), infiltration of the adipose tissue by inflammatory cells, and dysregu-
lation in the production and secretion of adipokines [6, 18].
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Obesity in particular is associated with adipose tissue dysfunction and a state of 
chronic, low-grade inflammation. Several studies have pointed out an increase in the 
number of immune cells infiltrating the adipose tissue of obese individuals and 
mouse models of obesity [19, 20]. Particularly, macrophages play a significant role 
in augmenting the inflammatory response in adipose tissue. In fact, the accumula-
tion of macrophages in adipose tissue has been shown to rise proportionally with 
increased body mass index (BMI), adipocyte hypertrophy, and IR [19]. Specifically, 
in obese patients, the macrophage content in WAT has been reported to be ~50% of 
the total number of cells, in comparison to ~5–10% in lean individuals [20]. 
According to bone marrow transplant studies performed in macrophage-deficient 
mice, macrophages that infiltrate the adipose tissue are proposed to derive from the 
bone marrow [20]. However, the signals that induce macrophage recruitment to the 
adipose tissue of obese individuals are not well understood. Macrophages are known 
as “professional phagocytes” as their main function is to clear apoptotic and necrotic 
cells, cellular debris, and foreign pathogens, through the use of scavenger receptors. 
Thus, macrophages are hypothesized to be recruited to the dysfunctional adipose 
tissue in response to hypertrophic adipocyte necrosis, in order to carry out their 
scavenger function. This theory has been partly proven in studies where mice were 
treated with an exogenous drug that induces apoptosis specifically in adipocytes 
[21]. Furthermore, hypertrophic adipocytes secrete large amounts of the chemo- 
attractant, monocyte chemoattractant protein-1 (MCP-1), which can enhance mac-
rophage infiltration in WAT of obese mice and humans [22, 23]. Upon recruitment 
to the adipose tissue, macrophages form aggregates surrounding the dead adipo-
cytes, termed “crown-like structures.” [24] Since macrophages are secretory cells, 
their crosstalk with adipocytes contributes significantly to the production of inflam-
matory factors, such as TNF-α, IL-6, and MCP-1 that act locally as well as systemi-
cally [25]. Thus, this vicious cycle of leukocyte recruitment and release of 
pro-inflammatory adipokine and cytokine synthesis by adipocytes and macrophages 
contributes not only to local inflammation, but also to a chronic systemic state of 
low-grade inflammation.

Under conditions of normal metabolic status, adipose tissue is known to produce 
an array of adipokines/cytokines including adiponectin, leptin, TNF-α, IL-6, resis-
tin, omentin, visfatin, chemerin, and many others, resulting in a balance in the secre-
tion of pro- and anti-inflammatory adipokines [17]. As adipose tissue expands, there 
is a shift in the secretory nature of adipocytes towards a predominant pro- 
inflammatory profile [17, 26]. In fact, IL-6 and TNF-α are among the pro- 
inflammatory cytokines that are consistently found to be increased in obesity, both 
at the local level (i.e., in the WAT) and systemically (i.e., in the bloodstream) [27]. 
On the other hand, anti-inflammatory mediators including adiponectin and IL-10 
are found to be reduced in obese individuals [26]. Furthermore, most microarray 
studies in humans and animal models, comparing gene expression profiles of obese 
versus lean adipose tissue, noted an alteration in gene profiling with obesity, par-
ticularly an up-regulation in inflammatory-related genes [28–30]. Thus, an imbal-
ance in the production of pro- and anti-inflammatory factors associated with obesity 
is believed to form the link between adipose tissue dysfunction and the development 
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of IR, CVD, and many other pathological conditions. It is noteworthy that there are 
certain circumstances also associated with adipose tissue dysfunction without, how-
ever, developing obesity. Lipodystrophy is one such condition, a group of clinically 
heterogeneous inherited or acquired disorders, characterized by selective but vari-
able absence of body fat tissue, which results in ectopic accumulation of fat, leading 
to metabolic complications of IR, hyperglycemia, hypertriglyceridemia, and dyslip-
idemia [31]. In addition to lipid storage, the low levels of adiponectin and leptin 
may play a crucial role in triggering the IR and metabolic abnormalities.

Factors secreted by adipose tissue can influence vessel wall homeostasis either 
by working through the liver or directly at the vessel wall [32, 33]. At the liver, adi-
pose tissue-derived factors can influence systemic lipid and lipoprotein metabolism, 
as well as changes in inflammatory and clotting system components, which can then 
impact the environment of the vessel wall [32, 33]. Furthermore, adipokines can 
directly affect the function of the major cell types present in the arterial wall, includ-
ing endothelial cells, smooth muscle cells, and macrophages [32, 33]. Excess adi-
pose tissue can adversely affect the vasculature by causing a dysregulation in the 
production of these adipose tissue-derived factors. In fact, obesity is known to 
accelerate atherosclerosis and has been associated with increased rates of cardiovas-
cular death [34, 35].

The regional distribution of body fat is an important determinant of an individu-
al’s cardio-metabolic risk. Numerous epidemiological studies have pointed out that 
individuals with central obesity (i.e., accumulation of fat in visceral depots) are at 
higher risk for developing T2DM, CVD, and cancer than those with peripheral obe-
sity (i.e., accumulation of fat in subcutaneous depots) [36–38]. Visceral adiposity, 
rather than subcutaneous adiposity, is believed to contribute to increased comorbid-
ity risk due to (a) its anatomical site and (b) its adipokine/cytokine gene and secre-
tory profile [39, 40]. Although both VAT and SAT express an identical series of 
inflammatory cytokines in obese individuals, the level of expression is different. In 
comparison to SAT, many pro-inflammatory adipokines/cytokines are predomi-
nantly secreted by VAT, under obese conditions, whereas adiponectin’s (anti- 
inflammatory adipokine) expression is highly reduced [41, 42]. For instance, it has 
been shown that the mRNA levels of the inflammatory factor TNF-α are more 
highly expressed in VAT than SAT in obese individuals, while this factor is expressed 
equally in both fat depots in lean subjects [43]. Leptin levels are lower in VAT than 
SAT for both lean and obese [44, 45]. Relatively greater adiponectin mRNA levels 
have been found in SAT than VAT and these levels were much lower in the VAT of 
obese subjects, compared with lean subjects, suggesting there is a depot-specific 
down-regulation of adiponectin in obesity [46, 47]. These factors derived from VAT 
have favored access to the liver through the portal circulation and can accelerate 
atherosclerosis development by mechanisms related or not directly related to lipids 
[48]. For example, increased release of FFAs from adipose tissue can increase the 
synthesis and secretion of low-density lipoprotein (LDL), apolipoprotein B, and 
triglycerides from the liver, while they can also activate inflammatory processes, 
induce endothelial cell apoptosis, and impair nitric oxide (NO) production and 
endothelium-dependent vasodilation [49–52].
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In addition to visceral fat, perivascular adipose tissue (PVAT) is also a crucial 
adipose tissue depot that can play a direct role in atherosclerosis development [32, 
53]. Most major arteries that are typically affected by atherosclerosis such as the 
aorta, the coronary arteries, and the carotid arteries are surrounded by PVAT [54]. 
Originally, it was thought that PVAT was simply a structurally supportive tissue for 
the vasculature, however, more recently it has been shown that it can influence vas-
cular homeostasis [54]. Adipokines secreted from PVAT have direct access to the 
adjacent arterial wall by diffusion. Due to this direct contact, factors derived from 
PVAT are believed to have more potent effects on the vasculature than factors 
released from other adipose tissue depots. PVAT also expands with obesity and 
displays a dysfunctional adipokine profile. In fact, PVAT surrounding atheroscle-
rotic lesions or mechanically injured arteries displayed pro-inflammatory adipokine 
profiles and reduced adiponectin expression [55, 56]. On the other hand, removal of 
healthy PVAT enhanced neointimal formation [55]. Thus, under healthy conditions, 
PVAT has beneficial effects on vessel function. However, under conditions of obe-
sity, in addition to having vasoconstrictive effects, PVAT becomes dysfunctional 
leading to the release of elevated levels of pro-inflammatory adipokines that can 
contribute to endothelial dysfunction, atherosclerotic plaque development, and 
plaque rupture [32, 53, 54, 57]. Aside from obesity, lipoatrophy, which is often 
combined with T2DM and hypertension [58], impairs not only metabolic homeosta-
sis, but also the homeostasis of vessel function and blood pressure. In addition, in 
an animal model of hypertension without obesity, the ability of PVAT to attenuate 
vasoconstriction to agonists was decreased [59].

Many adipokines and cytokines mediate the crosstalk between adipose tissue and 
the vasculature in the “adipo-vascular axis.” The altered release of these factors by 
dysfunctional visceral or PVAT can have direct effects on the vessel wall and pro-
mote atherosclerotic plaque development [60]. For instance, resistin and leptin lev-
els are increased in obese individuals and are positively associated with coronary 
atherosclerosis and other cardiovascular complications in humans [61–64]. Resistin 
is also an independent predictor of major cardiovascular events including ischemic 
stroke and cardiovascular mortality [62, 65–68]. Resistin can affect the atheroscle-
rotic process by promoting the upregulation of vascular endothelial adhesion mol-
ecules, increasing the production of pro-inflammatory cytokines by endothelial 
cells (i.e., endothelin-1, MCP-1) and macrophages (i.e., TNF-α), and inducing foam 
cell formation [69–71]. Similarly, leptin can increase the production of MCP-1 and 
endothelin-1 in endothelial cells [72, 73]. Furthermore, leptin plays a role in neo- 
intimal formation in response to endothelial damage by promoting the migration, 
proliferation, hypertrophy, and phenotypic transformation of vascular smooth mus-
cle cells [60, 74]. Several studies have shown circulating levels of chemerin to be 
positively associated with inflammation, the MetS, and coronary artery disease 
[75–78], while an independent study demonstrated an inverse association between 
chemerin and carotid atherosclerotic plaque instability, as assessed by histological 
characterization, in subjects with severe carotid stenosis who underwent a carotid 
endarterectomy [68]. These contradictive findings may be partly explained by the 
dual action (pro-inflammatory and anti-inflammatory) of chemerin, which is highly 
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dependent on the type of cleavage it undergoes [79, 80]. It can serve as a chemoat-
tractant promoting recruitment of immune cells to sites of injury [81]. However, 
beyond its pro-inflammatory role, chemerin also possesses anti-inflammatory prop-
erties, by inhibiting the production of inflammatory mediators and preventing 
monocyte adhesion to the vascular endothelium [79]. Elevated levels of IL-6 and 
TNF-α can promote endothelial dysfunction by decreasing the production of endo-
thelial nitric oxide synthase (eNOS) and causing a decrease in the availability of NO 
[82, 83]. With increased plasma concentrations of adipocyte-derived cholesteryl 
ester transfer protein associated with obesity, the levels of small, dense atherogenic 
LDL particles also increase [84]. Small, dense LDL particles can easily enter the 
vascular wall, where they are susceptible to oxidative transformation and can pro-
mote endothelial damage and macrophage-to-foam cell transformation [85]. 
Furthermore, high levels of plasminogen activator inhibitor-1 produced by adipo-
cytes under the influence of TNF-α and FFAs can contribute to atherosclerotic 
plaque progression by promoting atherothrombosis and inhibiting plasminogen- 
induced migration of vascular smooth muscle cells from the medial layer of the 
arterial wall to the intima [86]. This promotes the formation of unstable plaques 
with thin fibrous caps that are prone to rupture [87]. Other pro-inflammatory adipo-
kines that may be associated with the progression of atherosclerotic plaques are 
visfatin and apelin, which are increased in response to obesity-induced elevation of 
IL-6 and TNF-α production [88]. On the other hand, some adipokines, like adipo-
nectin, have a protective role in the vasculature and down-regulation of its levels can 
play a significant contribution to atherosclerosis development.

 Adiponectin Biosynthesis and Structural Properties

In 1995–1996, both murine and human forms of adiponectin (also termed adipocyte 
complement-related protein of 30 kDa, AdipoQ, adipose most abundant gene tran-
script 1, and gelatin-binding protein of 28 kDa) were discovered and isolated by 
four independent groups [89–92]. Originally, adiponectin was thought to be exclu-
sively synthesized and secreted by adipose tissue and fully differentiated adipo-
cytes. However, it was later determined that various other cells or tissue can also 
produce adiponectin but to a lower degree than adipose tissue such as osteoblasts, 
myocytes, epithelial cells, liver parenchymal cells, and placental tissue [93–97]. 
Adiponectin is considered the most abundantly secreted adipokine, accounting for 
about 0.01% of total serum protein, with circulating levels ranging from 5 to 30 μg/
mL [98]. Furthermore, high serum levels of adiponectin negatively correlate with 
cardiometabolic diseases and also vary between men and women [99, 100]. Women 
have significantly higher adiponectin levels than men, as testosterone is believed to 
have direct effects on modulating adiponectin production, complex formation, 
secretion, and clearance [101]. Slightly increasing with age, adiponectin levels have 
a diurnal variation with nadir at night and peak in the morning [102, 103].

Human adiponectin contains three exons and is a 30 kDa protein composed of 
244 amino acids, which consists of four domains: an amino-terminal signal 
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sequence, a hypervariable domain, a collagenous domain comprising 22 Gly-XY 
repeats, and a carboxy-terminal complement 1q-like globular domain [104, 105]. In 
the circulation, it exists as oligomeric complexes with different molecular weights. 
Its full-length monomer form (which has not been observed in circulation and 
appears to be confined to the adipocyte) can establish interactions via the collage-
nous domain to generate three multimeric complexes: a low molecular weight mul-
timer (trimer), a middle molecular weight multimer (hexamer), and a high molecular 
weight multimer (HMW, 12- to 18-mer) [106–108]. The trimer is the basic building 
block of oligomeric adiponectin. Disulfide bond formation is crucial for the assem-
bly and stabilization of adiponectin oligomers. Two trimers self-associate via a 
disulfide-linkage (S–S) mediated by cysteine residue 39 at the hypervariable region 
to form a hexamer, which further assembles into a bouquet-like HMW multimeric 
complex that consists of 12–18 monomers. A smaller form of adiponectin also 
exists in the circulation (but in negligible amounts due to a very short half-life); it 
consists simply of its globular domain, which is generated from the full-length pro-
tein by proteolytic cleavage [109]. Leukocyte elastase secreted by activated mono-
cytes and neutrophils may be responsible for the generation of globular adiponectin 
[110]. These isoforms are suggested to possess different biological activities, but 
evidence in this domain is still quite limited. However, it is strongly suggested that 
HMW adiponectin, which makes up 50% of the total adiponectin in the circulation 
is the major biologically active isoform [106, 108]. Mutations in human adiponec-
tin, notably G84R and G90S mutants resulted in HMW distribution deficiency, 
while R112C and I164T mutants resulted in impaired multimerization and secretion 
[111]. These mutants were implicated in hypoadiponectinemia [111], stressing the 
importance of functional adiponectin multimer assembly. Post-translational modifi-
cations, such as hydroxylation and subsequent glycosylation, are important for the 
assembly, secretion, and bioactivity of the HMW isoform [106]. Wang et al. demon-
strated that mutations in all four highly conserved lysine residues within adiponec-
tin’s collagenous domain that are crucial for hydroxylation and glycosylation 
completely abolish the assembly and secretion of HMW adiponectin [112]. 
Furthermore, several endoplasmic reticulum (ER)-associated proteins also play an 
important role in the oligomerization and secretion of higher-order adiponectin 
complexes [113]. Therefore, it is equally important to consider multimer distribu-
tion as well as plasma adiponectin levels in association with normal or pathological 
states [99].

 Adiponectin Receptors

Adiponectin exerts its main biological effects via two transmembrane receptors, 
AdipoR1 and AdipoR2 (AdipoR), which were discovered in 2003 by expression 
cloning [114]. AdipoR1 and AdipoR2 are encoded by genes situated on chromo-
somes 1 and 12, respectively, and they display 66.7% homology at the protein level 
[114]. Despite containing seven transmembrane domains, these receptors are struc-
turally and functionally distinct from the classical G protein-coupled receptors; 
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AdipoR1 and AdipoR2 have an inverted membrane topology with a cytoplasmic 
N-terminus and an extracellular C-terminal domain [114]. Furthermore, they are not 
coupled with G-proteins and activate their own unique set of signaling molecules, 
as detailed below. In fact, determination of the crystal structures of AdipoR1 and 
AdipoR2 revealed that the AdipoRs represent an entirely novel class of receptors 
[115]. Scatchard plot analyses demonstrated that AdipoR1 is a high-affinity recep-
tor for globular adiponectin (but it can also bind full-length adiponectin with low- 
affinity), which mainly leads to the activation of adenosine monophosphate-activated 
protein kinase (AMPK) signaling, which is an energy-sensing enzyme [114]. On the 
other hand, AdipoR2 has intermediate affinity for both globular adiponectin and its 
full-length variants (i.e., HMW adiponectin), which mainly leads to the stimulation 
of PPAR-α signaling, which is a key transcription factor in metabolic regulation 
[114]. Other signaling pathways activated by the interaction between adiponectin 
and its receptors include insulin receptor substrate 1 (IRS1)/2, p38 MAPK, Rab5, 
Akt, and ceramide signaling [116, 117]. Specifically, cellular ceramides are reduced 
by adiponectin-induced AdipoR ceramidase activity and effectively decrease 
hepatic ceramide levels while improving insulin sensitivity [118–121]. Recent stud-
ies have shown that an adaptor protein called adaptor protein, phosphotyrosine 
interacting with PH domain and leucine zipper 1 (APPL1), interacts with the intra-
cellular domains of both receptors, in order to help mediate adiponectin’s down-
stream signaling [122]. T-cadherin has been identified as an additional receptor (or 
binding protein) for adiponectin that specifically binds the higher-order complexes 
(hexameric and HMW adiponectin) but not globular adiponectin [123]. It is highly 
expressed in cardiac myocytes where it plays an important role in mediating the 
cardioprotective actions of adiponectin [124]. Its structure differs to that of AdipoR1 
and AdipoR2 as it is attached to the plasma membrane via a glycosyl phosphati-
dylinositol anchor [123]. Since it has no intracellular domain it is believed to require 
the help of other co-receptors, which to date remain unidentified, to mediate its 
intracellular signaling. It has been recently reported that adiponectin enhances 
adiponectin/T-cadherin-mediated packaging in exosomes and increases ceramide 
efflux within these small vesicles [125]. Together, adiponectin acting on AdipoR 
and/or T-cadherin is essential for maintaining ceramide homeostasis [99, 120, 125].

Both AdipoR1 and AdipoR2 are ubiquitously expressed; in mice, AdipoR1 is 
predominantly expressed in skeletal muscle, while AdipoR2 is most abundantly 
present in the liver. In humans, however, both AdipoR1 and AdipoR2 are highly 
expressed in skeletal muscle and the liver. Similar to circulating adiponectin levels, 
AdipoR expression was significantly decreased particularly in the skeletal muscle, 
liver, and adipose tissue of mouse models (ob/ob or db/db mice) of IR and obesity, 
as well as of individuals with obesity and T2DM [126–129]. Several gain- and loss- 
of- function studies have been performed, which have demonstrated that AdipoR1 
and AdipoR2 play fundamental roles in glucose and lipid metabolism, inflamma-
tion, and oxidative stress [114, 127]. Yamauchi et al. demonstrated that adenovirus- 
mediated overexpression of AdipoR1  in db/db mice caused a reduction in liver 
gluconeogenesis via AMPK activation, while overexpression of AdipoR2 enhanced 
glucose uptake, reduced oxidative stress, as well as decreased the expression of pro- 
inflammatory cytokines and chemokines, such as TNF-α and MCP-1, via 

K. Gasbarrino et al.



211

stimulation of the PPAR-α pathway [127]. Both receptors had a significant effect on 
increasing fatty acid oxidation. On the other hand, systemic disruption of both 
receptors resulted in abrogation of adiponectin binding and actions, leading to 
increased glucose production, impaired glucose tolerance, and IR [127]. 
Administration of adiponectin to AdipoR1 and AdipoR2 double knockout mice was 
not sufficient to offset these deleterious effects, suggesting that these two receptors 
are responsible for the majority of adiponectin’s physiological actions [127].

 The Role of Adiponectin in Physiology and Pathophysiology

Adiponectin acts as a “pleiotropic cytokine” linked not only to adipocyte metabolism 
and homeostasis, but also exhibits a wide range of diverse effects in many different 
organs and tissues, including WAT, the liver, the pancreas, the kidney, the skeletal 
muscle, the heart, the CNS, and the vasculature. Adiponectin appears as a key media-
tor of systemic insulin sensitivity and glucose homeostasis. Its major effect on the 
pancreas is to promote beta cell function and survival, since it reduces intracellular 
ceramide levels and, thus, it exerts anti-apoptotic activity [130]. This ceramide-lower-
ing effect of adiponectin seems to promote also cardiomyocyte survival in the context 
of ischemia [118]. In regard to the kidney, adiponectin levels are positively correlated 
with proteinuria [131]. Interestingly, in the end stages of both CVD and chronic kid-
ney disease, a compensatory upregulation of adiponectin levels is observed [132]. As 
it has been mentioned above, adiponectin decreases serum glucose levels by alleviat-
ing hepatic glucose output rather than glucose disposal. It also has major effects on 
hepatic triacylglycerol accumulation via AMPK-dependent and independent path-
ways, and sphingolipid pathway as well. Therefore, it leads to substantial protection 
from hepatic steatosis [133]. Moreover, adiponectin plays a paracrine role in adipose 
tissue. Overexpression of AdipoQ (the gene encoding adiponectin) causes adipose 
tissue augmentation due to increased number of adipocytes. It is noteworthy that 
genes involved with fat oxidation are upregulated, while inflammatory genes are sup-
pressed [133–135]. Adiponectin not only inhibits local inflammation, but also exerts 
systemic anti-inflammatory effects [136, 137]. It stimulates different tissue macro-
phages towards an anti-inflammatory M2 phenotype. Simultaneously, adiponectin 
suppresses macrophage transformation into lipid-ladened foam cells in atheroscle-
rotic plaque, leading to the suppression of atherosclerosis development [138]. 
Recently, adiponectin has even been suggested to slow the progression of various 
cancers as it can limit cellular proliferation and induce apoptosis [139].

 Regulation of Adiponectin

The production and secretion of adiponectin are controlled by important factors that 
regulate adiponectin at the transcriptional mRNA expression and translational pro-
tein levels [140]. The adiponectin promoter containing the CCAAT box region is 
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key for basal transcriptional activity [141]. However, it has been demonstrated that 
enhancer elements found more upstream in the regulatory region may be also 
responsible for increasing adiponectin expression [142, 143]. To date, PPARs and 
CCAAT/enhancer-binding proteins (C/EBPs) remain the key transcriptional factors 
that activate adiponectin mRNA expression and activity in adipocytes [143, 144]. 
Specifically, nuclear receptors PPAR-γ and retinoid X receptor form a heterodimer 
that can bind directly to the adiponectin promoter at the PPAR-response element 
site [142]. Plasma adiponectin levels in mice decrease during adipose-tissue dele-
tion of PPAR-γ, underlining the significance of functional PPAR-γ transcriptional 
activity [143]. In addition, this binding activity was shown to be enhanced in 3T3-
L1 adipocytes when liver receptor homolog-1, a monomeric nuclear hormone 
receptor, was bound to its respective response element on the adiponectin promoter 
[142]. This was highlighted when mutated liver receptor homolog-response element 
resulted in a significant decrease in adiponectin promoter activity. C/EBP binding 
sites are similarly found in the promoter region, the CCAAT box, where notably C/
EBPα can homo- or hereto-dimerize and upregulate adiponectin expression [145]. 
Of note, C/EBPα has been shown to be the preferred isoform to significantly 
increase adiponectin mRNA levels in both human Chub-S7 or 3T3-L1 terminally 
differentiated adipocytes, rather than C/EBPβ, and C/EBPδ which only possess 
prominent activity during early adipocyte differentiation [141]. The first intron of 
the human adiponectin gene has in fact been identified as an enhancer region con-
taining C/EBPα- response elements that, together with PPAR-γ, produce a synergis-
tic effect to regulate adiponectin transcription [141]. This is in line with the studies 
exhibiting only modest PPAR-γ-induced adiponectin levels in C/EBPα-deficient 
adipocytes, while a marked increase was observed during co-expression [143].

Many studies have shown that the regulatory function of adiponectin is largely 
influenced by caloric intake [145, 146]. Importantly, high-glucose-treated 3T3-L1 
adipocytes exhibited increased C/EBP binding [146]. These findings were validated 
in mice that were fasted and then refed a standard diet, highlighting C/EBP as a 
major transcription factor crucial for adiponectin regulation in response to nutrients 
[146]. Furthermore, adipose tissue-specific C/EBPα expression levels were lower in 
obese subjects with MetS compared with diet-induced controls [145]. In line with 
this, obese subjects undergone bariatric surgery or caloric restriction regimens sig-
nificantly augmented adipose tissue and plasma concentration levels of adiponectin 
[99]. However, some studies have reported that there is no difference in C/EBPα 
expression between insulin-resistant/MetS subjects and controls [145]. This may 
delineate the diet-controlled influence of C/EBPα on adiponectin-induced expres-
sion [145]. Notwithstanding this evidence, the mechanism underlying obesity- 
associated reductions in plasma adiponectin has not yet been fully clarified. 
Furthermore, a recent meta-analysis demonstrated that physical exercise in predia-
betic and diabetic subjects was successful in increasing adiponectin levels [147]. In 
viscerally obese healthy men, maintaining a normal diet and active lifestyle over 
3 years was also shown to decrease visceral adiposity burden and improve adipo-
nectin [148]. Furthermore, when comparing the effect of physical activity on female 
and male obese subjects, circulating adiponectin levels were significantly increased 
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among the active participants, specifically the female group [149]. Maintaining a 
Mediterranean dietary pattern has also been postulated to elevate adiponectin con-
centrations [150]. Therefore, the physiological benefit of sustained lifestyle inter-
ventions seems to be mediated by promoting adiponectin transcription and secretion, 
even in an obese population.

Distinct post-translational modifications of adiponectin can lead to modified 
multimerization and secretion profiles essential for preserving its stability in the 
circulation [99, 140, 143, 151]. In 3T3-L1 preadipocytes, knockdown of 
ER-molecular chaperone, ER membrane-associated oxidoreductase-Lα (Ero1-Lα) 
resulted in reduced adiponectin secretion [143]. Ero1-Lα and its partner ER resident 
protein 44 work together to properly assemble higher-order adiponectin complexes 
[143, 144]. Similarly, in 3T3-L1 adipocytes, suppression of ER chaperone disulfide- 
bond A oxidoreductase-like protein (DsbA-L) markedly decreased adiponectin lev-
els [152]. In line with obesity-induced ER stress, studies have shown an according 
downregulation in adiponectin translation [143, 151, 153]. In high-fat diet-treated 
mice, reduced ER stress and increased adiponectin multimerization and levels were 
observed during overexpression of DsbA-L [151]. PPAR-γ agonist rosiglitazone has 
not only been able to induce adiponectin expression, but also DsbA-L expression in 
3T3-L1 adipocytes [152]. Correspondingly, Ero1-Lα expression levels were 
increased in mature adipocytes and in mice during PPAR-γ treatment [113, 154]. In 
agreement with this, studies using thiazolidinediones (TZDs) showed increased adi-
ponectin biosynthesis and secretion of the HMW form, thereby targeting adiponec-
tin at the translational and/or post-translational level [113, 143, 155]. While the 
precise mechanisms remain unclear, together these findings underline the impor-
tance of ER proteins in the multimerization and secretion of adiponectin towards 
reducing the development of obesity-related metabolic phenotypes.

Hormones (i.e., insulin, leptin, glucocorticoids, sex hormones, and catechol-
amines) also regulate adiponectin. As for insulin, while in vitro studies have shown 
contradictory results concerning whether it has inhibitory or stimulatory effects on 
adiponectin production and secretion [156–158], hyperinsulinemic–euglycemic 
clamp studies in lean subjects decreased total plasma adiponectin levels by 10–20% 
[159–161]. It has also been shown that insulin suppresses plasma adiponectin levels 
already at a plasma insulin concentration of 100 pmol/L and hyperglycemia dimin-
ishes the suppressive effect of insulin [159]. This finding suggests that insulin could 
be involved in the downregulation of plasma adiponectin in insulin-resistant 
patients.

Circulating adiponectin concentrations are higher in women than men, indepen-
dent of the fact that women usually have more overall adiposity compared to men 
[103, 162–164]. The studies on the influence of estrogens on serum adiponectin 
have reported contradictory results. Two found no effect [162, 165] and the other 
found an inverse association between adiponectin and estradiol, and higher adipo-
nectin levels in postmenopausal compared to premenopausal women after adjusting 
for age, fat mass, and fat distribution [166]. As for testosterone, it may inhibit adi-
ponectin secretion. In mice, removal of the testes led to an increase in adiponectin, 
although administration of testosterone reduced adiponectin levels [162]. 
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Hypogonadal men have higher adiponectin levels than eugonadal men, and they 
decrease to the levels of eugonadal men when they receive testosterone replacement 
therapy [167]. Similarly, experimental testosterone deficiency in eugonadal men 
increased adiponectin levels and supraphysiologic testosterone administration 
decreased them [168]. Also, women with high testosterone levels due to polycystic 
ovarian syndrome have been reported to have low adiponectin levels [169–171].

Regarding leptin, although a cross-sectional study reported a strong inverse rela-
tionship between serum adiponectin and leptin levels [172], leptin administered 
exogenously either to rodents or humans had no significant effect on the plasma 
levels of adiponectin [166, 173]. Catecholamines may also inhibit expression of 
adiponectin, since β-adrenergic agonists reduced adiponectin gene expression in 
cultured mouse fat cells and human adipose tissue and decreased plasma levels in 
mice [174]. Stimulation of cultured adipocytes by isoproterenol, a β1 and β2 ago-
nist, caused reduced expression of adiponectin [175]. Another study in animals con-
firmed that peripheral injection of a β3-adrenergic agonist suppressed adiponectin 
mRNA expression in adipose tissue [173].

The dysregulation of adiponectin production is strongly believed to contribute to 
the onset of several obesity-related complications, as hypoadiponectinemia (i.e., 
low levels of circulating adiponectin) has been found to be associated with IR, 
T2DM, dyslipidemia, and atherosclerosis [98, 176–178]. Taken together, these find-
ings equally stress the relevance of physiological (i.e., transcription factors) and 
environmental (i.e., diet, exercise) factors in controlling the regulation of adiponec-
tin mRNA and protein levels and their clinical implications in obesity-linked 
diseases.

 Adiponectin and Cardiometabolic Risk Factors

 Insulin Resistance and Type 2 Diabetes Mellitus

In 2001, three independent groups identified for the first time the important physi-
ological role of adiponectin as an endogenous insulin sensitizer, whereby it modu-
lates glucose and lipid metabolism in insulin-sensitive tissues in both animals and 
humans [109, 179, 180]. Fruebis et al. first pointed out that acute administration of 
adiponectin in obese mice significantly decreased FFAs and glucose levels in the 
blood and increased fatty acid oxidation in skeletal muscle [109]. Berg et al. dem-
onstrated effects directly at the level of the liver whereby adiponectin decreased 
basal glucose levels by inhibiting the expression of hepatic gluconeogenic enzymes 
and the rate of endogenous glucose production [180]. The chronic effects of adipo-
nectin on insulin sensitivity were also investigated in adiponectin transgenic mice 
and adiponectin knockout mice. Transgenic overexpression of adiponectin in mice 
leads to protection against obesity and insulin resistance due to enhanced energy 
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expenditure [179]. On the other hand, adiponectin knockout mice exhibit impaired 
insulin sensitivity in association with delayed clearance of FFAs in the circulation, 
reduced levels of surface membrane FFA transporters, and high levels of plasma 
TNF-α [181]. Furthermore, reduced IRS1-mediated insulin signaling was observed, 
since adiponectin can enhance the ability of insulin to stimulate IRS1 tyrosine phos-
phorylation [182, 183]. Viral-mediated adiponectin expression in these knockout 
mice can reverse the high-fat diet-induced IR [182]. Consistent with these findings, 
a recent study similarly reported reversal of high-fat diet-induced liver and muscle 
IR during adiponectin treatment in mice [184]. Importantly, adiponectin-induced IR 
reversal in vivo occurred by stimulating WAT lipoprotein lipase activity, thereby 
increasing adipose-specific triglyceride uptake and reducing ectopic lipid accumu-
lation [184]. This resulted in increased AMPK activation in other insulin-sensitive 
tissues such as skeletal muscle, where increased fatty acid oxidation was observed 
upon adiponectin treatment [184].

Clinical observations also support the idea that plasma adiponectin levels are 
inversely associated with IR as well as type 2 diabetes. In several studies, adiponec-
tin has a negative correlation with fasting glucose, insulin, and IR and a positive 
association with insulin sensitivity, independent of BMI [103, 176, 185]. In longitu-
dinal studies, hypoadiponectinemia was able to predict the development of IR and 
T2DM, while increasing adiponectin has been connected with a lower risk of T2DM 
[186–190]. Interestingly, a meta-analysis of 19 studies and almost 40,000 partici-
pants indicated that T2DM risk was strongly associated with low levels of adiponec-
tin [191]. Also, the authors highlighted that the ability of adiponectin to inhibit 
pro-inflammatory cytokine production may be an important feature in reversing 
metabolic dysfunction. Human genetic studies on single-nucleotide polymorphisms 
of the adiponectin gene (located on chromosome 3q27) have pointed out numerous 
genetic susceptibility loci for T2DM and the MetS [192–194]. Nevertheless, a 
recent mendelian randomization study suggested that adiponectin has no causal 
effect on T2DM and glucose homeostasis and that the associations among them in 
observational studies may be due to confounding factors [195].

Overall, adiponectin mainly exerts direct actions at the level of the skeletal mus-
cle, the liver, and the adipose tissue in order to mediate its insulin-sensitizing effects 
through the activation of the AMPK and PPAR-α pathways. Activation of AdipoR1 
by adiponectin in the liver and muscle tissues increases AMPK activity, leading to 
an inhibition of hepatic glucose production, increased uptake of glucose in muscle, 
and enhancement of fatty acid oxidation in both the liver and the muscle [196]. 
Increased fatty acid oxidation is the result of an increase in expression of proteins 
involved in fatty acid transport (i.e., CD36) and fatty acid oxidation (i.e., acyl- 
coenzyme A oxidase). Activation of the PPAR-α pathway via AdipoR2 also 
increases fatty acid oxidation. By increasing fatty acid oxidation, adiponectin can 
also lower circulating FFAs, which may improve insulin action [197, 198]. Thus, 
disruption of both AdipoR1 and AdipoR2 abolishes adiponectin’s binding and 
actions, leading to exacerbation of IR and glucose intolerance [114].
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 Hypertension

There have been some contradicting studies surrounding the association between 
adiponectin and hypertension. In adiponectin-deficient mice, a high-fat and sucrose 
diet led to increased blood pressure [199]. Several human studies have reported that 
blood pressure has a negative correlation to adiponectin [200–202]. However, 
adjusting for insulin sensitivity did not show any significant correlation with hyper-
tension and adiponectin, indicating that IR may mediate the potential association 
between adiponectin and blood pressure [203]. Interestingly, a 5-year prospective 
study showed that there is an inverse correlation between plasma adiponectin levels 
and future risk of developing hypertension [204]. In contrast, the Danish Copenhagen 
City Heart Study did not find such predictive role for adiponectin but suggested one 
for leptin [205]. A meta-analysis of 48 studies concluded that hypertensive patients 
have lower adiponectin concentration compared to normotensive subjects and an 
increase in adiponectin concentration of 1 mg/L induced the odds of hypertension 
by 6% [206]. Nevertheless, another research group did not find a difference in 
plasma adiponectin levels between normotensives and hypertensives with normal 
renal function [207]. Moreover, a recent study suggested that the ADIPOQ SNP 
T94G was associated with 2.8 times higher odds for resistant hypertension [208]. 
Arterial stiffness as measured by pulse wave velocity, which increases in hyperten-
sive patients, was negatively associated with adiponectin in the hypertensive group 
[209–211]. These associations are consistent in patients with treated essential 
hypertension, where significantly lower plasma adiponectin levels were observed in 
patients with heart-to-femoral pulse wave velocity progression compared to the 
non-progression group [212]. It is suggested today that adiponectin and blood pres-
sure may be related via three principal mechanisms, the NO system and endothelial 
dysfunction, the renin–angiotensin system, and central effect mediated via the sym-
pathetic nervous system [213].

 Dyslipidemia

Besides diabetes and IR, adiponectin is also related to dyslipidemia, another risk 
factor for CVD.  Adiponectin is a strong independent positive predictor of high- 
density lipoprotein (HDL) levels and is negatively associated with serum triglycer-
ides [176, 214–217]. In a recent study including non-diabetic male and female 
subjects, HDL concentrations were independently and significantly correlated with 
adiponectin levels [215]. Triglyceride levels seem to mediate the significant asso-
ciation between lower plasma adiponectin and higher plasma thrombin production 
in non-insulin-treated T2DM male subjects [218]. Moreover, an epidemiologic 
report on serum adiponectin levels and lipid profile, which compiled 25 studies, 
concluded that there is also an inverse correlation between very low-density lipo-
protein (VLDL) and LDL levels and adiponectin [219].
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 Cigarette Smoking

Smoking has been associated with decreased levels of circulating adiponectin. 
Possible explanations for this decrease include smoke-induced increase in catechol-
amines that suppress adiponectin or consumption of adiponectin by endothelium 
injured by cigarette toxins [220, 221]. Among patients with heart disease, current 
and former smokers had lower adiponectin levels than non-smokers, after adjusting 
for BMI and IR [221]. Furthermore, when comparing smokers to non-smokers, both 
plasma adiponectin, and mRNA adiponectin levels measured in peripheral blood 
mononuclear cells were significantly lower in the smoker group [222]. This implies 
that atherosclerotic development in cigarette smokers may be mediated by the 
reduction of beneficial systemic and local effects of adiponectin [222]. The 
adiponectin- lowering impact of cigarette smoking was also observed in smokers 
who adhered to a Mediterranean diet vs. non-diet non-smokers, highlighting the 
inability of healthy diet interventions to rescue the negative effects of a smoking 
phenotype [223]. These findings strengthen smoking as an independent risk factor 
affecting adiponectin levels [222, 223]. A systematic review of 11 studies suggested 
that there is a decreased adiponectin level in current smokers and this reduction can 
be reversed by quitting smoking [224]. After smoking cessation, despite unaccom-
panied weight gain which could alter the adipokine profile, serum adiponectin levels 
were nonetheless not further reduced [225]. On the other hand, after 1 year, adipo-
nectin levels actually increased among subjects with less abdominal obesity, there-
fore unmasking the benefit of smoking cessation in elevating adiponectin [225].

 The Role of Adiponectin in Cardiovascular Disease

 Adiponectin’s Direct Vascular and Atheroprotective Effects

Animal studies have demonstrated that adiponectin protects against the develop-
ment and progression of atherosclerosis. Adenoviral-mediated overexpression of 
adiponectin in apolipoprotein-E knockout (apoE−/−) mice resulted in a reduction in 
atherosclerotic lesion formation in the aortic sinus by 30% compared with non- 
treated apoE−/− mice [226]. Interestingly, adenovirus-derived adiponectin accumu-
lated in the fatty streak lesions of the apoE−/− mice, which are predominantly 
composed of macrophages and foam cells [226], suggesting that adiponectin medi-
ates its beneficial effects directly at the level of the vasculature. Similarly, globular 
adiponectin transgenic apoE−/− mice had significantly smaller aortic lesions than 
control apoE−/− mice [227]. On the other hand, adiponectin deficiency in mice led to 
increased vascular smooth muscle cell proliferation and enhanced neointimal thick-
ening of arteries in response to vascular injury [228, 229]. However, this injury- 
induced neointimal formation was attenuated upon supplementation of mice with 
adiponectin [229].

8 Adiponectin, Diabetes, and the Cardiovascular System



218

Adiponectin’s atheroprotective effects have been established in vivo and in vitro 
in all stages of atherosclerotic plaque development, from endothelial dysfunction, 
plaque initiation, and progression, to plaque rupture and thrombosis [230]. 
Adiponectin has the ability to attenuate atherogenesis through its direct actions on 
all major cell types present in the vasculature, including vascular endothelial cells, 
macrophages, and smooth muscle cells [15]. Adiponectin maintains endothelial 
function by stimulating the activation of eNOS through AMPK-dependent phos-
phorylation of this enzyme and subsequent production of NO in the vascular endo-
thelium [231]. In fact, adiponectin treatment of rat aortic segments protected the 
endothelium against hyperlipidemic injury, by promoting eNOS activity [232]. 
Adiponectin-related production of NO and eNOS phosphorylation are mediated 
through AdipoR1 and AdipoR2 receptors [233], both of which are expressed in 
human endothelial cells [234]. Furthermore, adiponectin suppresses the NF-𝜅B 
inflammatory signaling pathway, decreasing the endothelial inflammatory reaction 
and reducing TNF-α-induced expression of adhesion molecules, such as ICAM-1, 
VCAM-1, and E-selectin in endothelial cells [235–237]. This attenuates leukocyte 
attachment to the vascular wall and their migration into atherosclerotic plaques. The 
presence of adiponectin has also been shown to decrease TNF-α-induced plasmino-
gen activator inhibitor-1 upregulation at the mRNA and protein level in endothelial 
cells [238]. Therefore, adiponectin not only regulates plaque inflammation but also 
the fibrinolytic system to reduce atherothrombosis. Interestingly, a study in older 
adults showed that higher endothelial cell adiponectin levels are associated with 
higher vascular endothelial function, evaluated by brachial artery flow-mediated 
dilation using ultrasonography, independent of circulating adiponectin levels [239].

Adiponectin can also modulate macrophage function by decreasing its accumu-
lation of cholesterol, thereby suppressing macrophage-to-foam cell transformation 
[138]. Proposed anti-atherogenic mechanisms by which adiponectin achieves lower 
intracellular cholesterol levels are by (1) decreasing cholesterol uptake and (2) pro-
moting an increase in cholesterol efflux capacity. Through suppression of macro-
phage SR-A (but not CD36), adiponectin has the ability to markedly decrease the 
uptake of oxidized LDL by macrophages [240]. In a recent study, adiponectin was 
shown to directly interact with the oxidized LDL epitope and inactivate it, suggest-
ing adiponectin might carry opsonin-like properties [241]. Also, there has been 
recent interest in adiponectin’s ability to enhance ABCA1-mediated cholesterol 
efflux [138]. It has been shown that low circulating adiponectin levels are signifi-
cantly and independently related with reduced ABCA1 expression on monocytes of 
overweight and obese subjects, indicating that adiponectin may be an important 
regulator of ABCA1 expression [242]. Daily 4-week treatment of adiponectin 
knock-out mice with adiponectin led to increased HDL levels in the serum and 
increased ABCA-1 expression in the liver in a dose-dependent manner [243]. 
Accordingly, adiponectin-transgenic mice had significantly higher plasma HDL 
levels compared to wild-type mice and also had altered expression of key liver 
genes participating in lipid metabolism [244]. Since the liver plays a critical role in 
the regulation of cholesterol levels, reverse cholesterol transport from macrophages 
is recognized as the principal step in protecting against atherosclerotic plaque 
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development. In vitro studies suggest that adiponectin treatment might protect 
against atherosclerosis by significantly enhancing apolipoprotein A1 (apoA1)-
mediated cholesterol efflux from macrophages through an ABCA1-dependent path-
way [245]. Also, adiponectin has been shown to modulate cellular cholesterol efflux 
in murine and human macrophages by positively affecting ABCA1 mRNA and pro-
tein expression [245, 246]. In THP-1 human macrophages, apoA-I-lipid affinity was 
increased in the presence of adiponectin, thereby accelerating cholesterol efflux 
[247]. This highlights that the combination of adiponectin and apoA1 is more effi-
cient in promoting efflux than apoA1 alone.

Adiponectin also promotes the polarization of human monocytes into alternative 
anti-inflammatory M2 macrophages as opposed to the classically activated M1 phe-
notype, leading to a decrease in M1 markers and a suppression in the release of 
pro-inflammatory cytokines, such as TNF-α and MCP-1 [135, 248]. Upregulation 
of adiponectin levels can restore AdipoR expression in M1-polarized mouse macro-
phages [249]. Furthermore, adiponectin has also been shown in mice to regulate 
peritoneal macrophage polarization towards a M2 phenotype [135]. An increase in 
the ratio of M1:M2 macrophages present in the plaque is believed to influence and 
promote atherogenesis. Interestingly, a study in mouse bone marrow and peritoneal 
macrophages showed that macrophage polarization is a key determinant regulating 
AdipoR expression and differential APN-mediated macrophage inflammatory 
responses [249]. Also, in a macrophage AdipoR1 transgenic mouse model, AdipoR1 
molecules were overexpressed in macrophages and the modified macrophages infil-
trated, circulated or resided in metabolically active tissues such as adipose tissue, 
vascular artery, liver, and skeletal muscle through blood vessels [250]. The macro-
phage AdipoR1-transgenic mice exhibited enhanced whole-body glucose tolerance 
and insulin sensitivity with reduced pro-inflammatory cytokines, MCP-1 and TNF-
α, both in the serum and in the insulin target metabolic tissues. Lastly, adiponectin 
can also prevent fibrous cap rupture by inducing the expression of tissue inhibitor of 
metalloproteinase-1 by macrophages [251]. In addition to its effects on endothelial 
cells and macrophages, adiponectin inhibits growth factor-induced smooth muscle 
cell proliferation and migration as well as platelet aggregation and thrombus forma-
tion [252–255]. The inflammatory environment in atherosclerotic plaques makes 
HDL vulnerable to oxidation, where incubation of adiponectin in human vascular 
smooth muscle cells has been shown to attenuate vascular calcification and reduce 
pro-inflammatory cytokine production caused by oxidized HDL [256].

Adiponectin protein has been detected in the vasculature of normal and athero-
sclerotic mice [257] as well as in healthy human carotid arteries and carotid ath-
erosclerotic plaques [258]. On the other hand, there was a lack of adiponectin 
mRNA in these tissues [258], suggesting that adiponectin protein in the plaque 
area and the healthy vasculature is not due to de novo cellular expression. Instead, 
adiponectin must enter these layers from outside sources [98, 257, 259]. Indeed, 
one murine study assessing the ultrastructural localization of adiponectin within 
endothelial cells of the aortic wall observed the presence of adiponectin in endo-
cytic vesicles, suggesting that adiponectin undergoes endocytosis from the circula-
tion into the endothelial cells; however, the mechanism through which adiponectin 
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endocytosis occurs is currently unknown [257]. Others have suggested that adipo-
nectin in the vascular wall is derived from the adventitia and surrounding PVAT, an 
abundant producer and secretor of adiponectin [98, 259]. Lending support to the 
latter hypothesis, one study demonstrated higher adiponectin expression in the 
PVAT of neurologically symptomatic patients versus asymptomatic patients who 
underwent a carotid endarterectomy [259]. This study complements later observa-
tions of higher adiponectin protein expression among unstable versus stable 
plaques [258].

Adiponectin receptors have also been noted to be expressed in human carotid 
atherosclerotic plaques as well as in the healthy vascular wall [260, 261]. While 
both AdipoR1 and R2 expression levels were observed to be higher in the lesion 
area compared to the non-diseased carotid zone, lower AdipoR2 expression and 
activity was observed in atherosclerotic plaques with greater instability [258]. 
Analysis of AdipoR expression levels in specific cells of the vasculature determined 
that both AdipoR1 and AdipoR2 are expressed in macrophages, along with smooth 
muscle cells, and endothelial cells [261]. Moreover, AdipoR are expressed abun-
dantly (93%) in circulating monocytes, as opposed to other circulating cells [262]. 
Interestingly, AdipoR1 expression decreased upon monocyte differentiation into 
macrophages, while AdipoR2 expression was not affected during the differentiation 
process [261]. Nonetheless, AdipoR1 expression remained higher than AdipoR2 
expression in monocytes as well as in fully differentiated macrophages [261]. 
Ultrastructural localization of adiponectin protein by immunoelectron microscopy 
in the healthy and diseased vasculature of mice was revealed to be similar to that of 
the AdipoRs, further suggesting that adiponectin mediates its atheroprotective 
actions via these receptors [257].

While AdipoR1 and AdipoR2 are well known for their involvement in the meta-
bolic action of adiponectin, their role in the vasculature still remains unclear. 
Several studies have determined that AdipoR1 and AdipoR2 are crucial for mediat-
ing adiponectin’s actions to suppress lipid accumulation and inhibit macrophage-
to-foam cell transformation [258, 263]. On the other hand, these receptors exhibited 
differential effects in regulating genes that are important for lipid metabolism and 
inflammation in human macrophages, where AdipoR1 showed greater potency in 
reducing the levels of pro-inflammatory cytokines, while AdipoR2 had greater 
potency in suppressing the expression of the scavenger receptor, SR-AI [263]. It 
was recently noted that AdipoR2 deficiency (but not AdipoR1) led to a reduction in 
the size of brachiocephalic atherosclerotic plaques in apoE−/− mice; however, these 
plaques contained a higher degree of macrophages, less collagen content, and no 
clear fibrous cap, compared with AdipoR2+/+apoE−/− mice [264]. This evidence 
suggests that AdipoR2 may be protective against atherosclerotic plaque instability. 
Further investigation is needed to determine the contribution of each receptor in 
mediating adiponectin’s actions in the vasculature, in order to highlight their true 
potential as therapeutic targets for the treatment and/or prevention of atheroscle-
rotic disease.
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 Adiponectin’s Direct Cardioprotective Effects

Adiponectin exhibits direct cardioprotective effects; it is particularly involved in 
cardiac metabolism, cell survival, and hypertrophy. These effects are mediated 
through AdipoR1 and AdipoR2, which are expressed in human cardiomyocytes 
[265], and T-cadherin, which is found abundantly in the myocardium [124]. 
Interestingly, adiponectin is produced and secreted by human cardiomyocytes 
[266]. While its levels are relatively low in comparison to amounts produced by 
adipose tissue and contribute minimally to circulating levels of adiponectin, cardiac- 
derived adiponectin acts via an autocrine/paracrine mechanism [267].

 Cardiac Metabolism and Function

Adiponectin can regulate cardiac energy metabolism and function leading to more 
efficient utilization of glucose and fatty acids. It can increase neonatal and adult 
cardiomyocyte glucose uptake via activation of the AMPK, IRS1, and Akt1 path-
ways, as well as enhance fatty acid β-oxidation via AdipoR1–APPL1 signaling 
[268–270]. Increased fatty acid uptake upon adiponectin treatment is a result of 
increased expression of fatty acid transporter protein-1 and induced translocation of 
CD36 to the outer cell membrane of the cardiomyocyte [268, 270].

 Myocardial Ischemia–Reperfusion Injury and Cell Survival

Several studies have also demonstrated that adiponectin can reduce myocardial oxi-
dative stress and promote cell survival, protecting against ischemia–reperfusion 
injury. Specifically, adiponectin has been reported to accumulate in myocardial tis-
sue following ischemia–reperfusion injury, where it is capable of reducing reactive 
oxygen species, maintain the integrity of the cardiomyocytes surrounding the 
infarcted region, and attenuate apoptosis. This has been hypothesized to occur 
through several different signaling pathways, including down-regulation of myocar-
dial NADPH-oxidase activity, activation of AdipoR1–APPL1 and Akt-dependent 
signaling, as well as stimulation of ceramidase activity, among others [118, 
271–276].

 Cardiac Hypertrophy

Both in vitro and in vivo experiments have demonstrated that adiponectin can pro-
tect against pathological cardiac hypertrophy. Studies involving adiponectin knock- 
out mice have reported enhanced pathological cardiac hypertrophy and increased 
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mortality, under experimental models of pressure overload and angiotensin II infu-
sion, compared with wild-type mice [277–279]. These effects were reversed upon 
supplementation with adiponectin [277, 278]. An important anti-hypertrophic 
mechanism of adiponectin is suggested to occur through AdipoR1–APPL1–AMPK 
activation, leading to the suppression of nuclear factor kappa-B-induced cardiac 
hypertrophic growth signaling [280, 281]. Interestingly, T-cadherin disruption also 
exacerbates cardiac hypertrophy under pressure overload to a level comparable to 
adiponectin knock-out mice. Therefore, it is concluded that T-cadherin also plays a 
critical role in carrying out the cardioprotective effects of adiponectin against 
pressure- induced hypertrophy [124].

 Adiponectin and Cardiovascular-Related Outcomes 
and Mortality

Although adiponectin has attracted much attention because of its anti-inflamma-
tory, vasculo- and cardioprotective, and anti-atherogenic properties both in vivo 
and in vitro, there is contradictory data surrounding the usefulness of circulating 
adiponectin as a biomarker or predictor of cardiovascular-related outcomes or mor-
tality. While low levels of adiponectin have been associated with increased preva-
lence of obesity-related cardiovascular disorders, higher levels have also been 
linked with worse cardiovascular outcomes and mortality. Many refer to these con-
trasting associations as the “adiponectin paradox.” These discrepancies among 
clinical studies may reflect differences in disease stage and in the populations 
included.

Two systematic reviews and meta-analyses were performed evaluating existing 
evidence with regard to the association between circulating adiponectin levels and 
the full spectrum of carotid artery disease, from subclinical atherosclerosis (i.e., 
carotid intima-media thickness) to plaque presence, to ischemic stroke risk [282, 
283]. Interestingly, depending on the population studied, either a negative or posi-
tive association was noted between adiponectin and carotid intima-media thickness 
and carotid plaque presence. A negative association was observed in obesity- 
associated inflammatory conditions (i.e., subjects with T2DM, MetS, or CVD), 
while a positive association was noted in classic chronic inflammatory/autoimmune 
conditions (i.e., subjects with rheumatoid arthritis or systemic lupus erythematosus) 
[282, 283]. However, these associations were either weak or non-significant. 
Furthermore, adiponectin was found to be an independent and direct predictor of 
ischemic stroke risk in subjects without clinically manifest CVD. Increased levels 
of adiponectin were associated with an 8% increase in the risk for ischemic stroke, 
with a more sizable association observed among men compared to women [147]. 
However, adiponectin levels were noted to be suppressed in the acute stage follow-
ing an ischemic stroke and remained suppressed up to 6 months post- ischemic stroke.
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Several studies have demonstrated an association between high circulating levels 
of adiponectin and lower incidence of coronary heart disease and related adverse 
non-fatal events [284–288]. Individuals with adiponectin levels in the highest quin-
tile have been shown to have a reduced risk for myocardial infarction [284]. In the 
Framingham Offspring Study, elevated plasma adiponectin levels were highly pro-
tective of future coronary heart events in men [287]. In contrast, adiponectin has 
been independently and directly linked to higher CVD events and mortality among 
individuals with prevalent CVD, heart failure, or advanced age [289–293]. It is 
noteworthy that a recent systematic review and meta-analysis, which included 28 
studies and 43,979 subjects, pointed strongly to a paradoxical positive association 
between circulating adiponectin levels and cardiovascular mortality rates (pooled 
HR 1.28, 95% CI 1.19–1.37) [294]. One study in particular, assessed the relation-
ship of total and HMW adiponectin with all-cause and cardiovascular mortality in a 
large cohort of older adults [295]. The cohort was stratified into three groups: (1) 
individuals without prevalent CVD, heart failure, or atrial fibrillation; (2) those with 
prevalent CVD; and (3) those with prevalent heart failure or atrial fibrillation. 
Interestingly, different associations were observed depending on the group studied, 
with the associations becoming progressively more adverse across subgroups with 
increasing cardiovascular risk. In group 1, a U-shaped relationship was observed; in 
group 2, no association; and in group 3, a direct relationship. Adjustments for vari-
ous metabolic and inflammatory factors had a major influence on the associations 
observed; in group 1, they abolished the inverse association with mortality at the 
lower range of adiponectin concentrations, suggested a direct association in the sec-
ond group, and strengthened the association in the third group. As a result, these 
findings highlight the importance of taking into account the underlying CVD state, 
the age of the population, as well as inflammatory and metabolic factors, in the 
interpretation of the relationship between adiponectin and cardiovascular risk and 
mortality.

Contradictory data also exists in regard to atherosclerotic plaque instability. One 
study identified circulating adiponectin as the strongest predictive factor of the pres-
ence of thin-cap fibroatheroma, as assessed by virtual histology intravascular ultra-
sound in men with stable coronary artery disease [296]. In contrast, another study 
observed no correlation between adiponectin levels and carotid atherosclerotic 
plaque instability, as assessed by gold-standard histological characterization [68].

Although the basis for this “adiponectin paradox” remains undefined, several 
plausible explanations have been proposed [297, 298]. First is the concept that 
increasing adiponectin levels is a failing attempt to protect individuals with greater 
risk of CVD and mortality. This may reflect the phenomenon of adiponectin resis-
tance (decreased signaling efficacy) in metabolically active organs, such as the adi-
pose tissue, liver, skeletal muscle, heart, and the vessel wall [299]. Second is that 
there is a strong correlation between adiponectin and natriuretic peptides, which are 
established risk factors of cardiovascular mortality rate, and thus, adiponectin works 
just as a marker of increased natriuretic peptides [300]. The myocardium in response 
to elevated cardiac strain produces an increase in circulating natriuretic peptides, 
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which in turn directly stimulate adiponectin production in human adipose tissue and 
consequently raise plasma adiponectin levels. Lastly, impaired kidney function is 
often associated with an advanced CVD state. Therefore, it could be hypothesized 
that increased levels of adiponectin may be attributed to reduced excretion and 
clearance via the kidney. These plausible mechanisms suggest that elevated levels of 
adiponectin may in fact be a secondary consequence, as opposed to a primary con-
tributor of cardiovascular dysfunction and mortality.

 Therapeutic Modulation of Adiponectin and Its Receptors

Modulation of adiponectin and its receptors is a promising therapeutic strategy for 
the prevention and/or treatment of cardiometabolic disorders.

 Adiponectin

Adiponectin levels are reduced in subjects who suffer from obesity and cardiometa-
bolic disorders. Thus, an important therapeutic approach would be to pharmacologi-
cally restore the capacity of adipose tissue to produce and secrete adiponectin, as 
well as raise circulating adiponectin levels.

Various currently used therapeutic interventions can modulate and increase cir-
culating adiponectin levels. TZDs, such as rosiglitazone and pioglitazone, are anti- 
diabetic therapeutic agents that improve systemic insulin sensitivity and glucose 
tolerance in obese individuals, T2DM patients, and in animal models of IR and 
diabetes [301–303]. Since adiponectin is an insulin-sensitizing adipokine, it is 
believed that TZDs partly mediate their anti-diabetic properties via upregulation of 
plasma adiponectin levels [161]. A low-dose treatment of pioglitazone led to an 
amelioration of IR in ob/ob mice but not in ob/ob mice that were adiponectin defi-
cient, suggesting that pioglitazone-mediated reduction in the severity of IR is partly 
due to an adiponectin-dependent pathway [304]. A meta-analysis confirmed that 
administration of TZDs led to an increase in endogenous adiponectin levels in 
patients with IR and T2DM [305]. Interestingly, HMW adiponectin is the predomi-
nant form of adiponectin that is upregulated by TZDs [306]. TZDs are synthetic 
agonists of PPAR-γ, a transcription factor that acts as a master regulator of adipo-
cyte differentiation and adipocyte gene transcription. Thus, TZDs are known to 
raise circulating adiponectin levels by inducing the adiponectin promoter activity 
and stimulating the transcription of the adiponectin gene in adipocytes via activa-
tion of PPAR-γ [307, 308]. These effects of TZDs can be blocked by the selective 
PPAR-γ antagonist GW9662 [309]. Combs et al. reported circulating levels of adi-
ponectin to be reduced by fivefold in patients with dominant-negative PPAR-γ 
mutations, highlighting the importance of PPAR-γ in the regulation of adiponectin 
synthesis [308]. In addition to improving insulin sensitivity, TZD therapy in asso-
ciation with enhanced adiponectin levels has also been shown to ameliorate the 
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stability of atherosclerotic plaques in patients with T2DM by reducing the necrotic 
core component of coronary plaques [310]. In patients with non-alcoholic steato-
hepatitis (NASH), TZD treatment (6–12  months) was associated with parallel 
increases in circulating adiponectin levels and histological improvements in steato-
sis [311]. However, these improvements were accompanied with a significant gain 
in weight. A non-TZD, selective PPAR-γ modulator, called CHS-131 (also known 
previously as INT131), may also serve as a promising candidate for NASH patients, 
as it increases adiponectin levels without the significant weight gain and adverse 
effects associated with PPAR-γ full agonists [311, 312]. In a mouse model of NASH, 
treatment with CHS-131 led to improved insulin sensitivity and lipid metabolism, 
increased plasma adiponectin levels, improved liver histology and markers of 
hepatic fibrosis, as well as reduced inflammation in adipose tissue [313].

Other therapeutic agents have also been identified to raise adiponectin levels, 
such as anti-hypertensive drugs (i.e., angiotensin II receptor antagonists, angiotensin- 
converting- enzyme inhibitors, and β1 receptor blockers), PPAR-α agonists (i.e., 
fibrates), and statins (i.e., pitavastatin) [203, 314–316]. Specifically, angiotensin- 
converting enzyme inhibitors and angiotensin receptor blockers seem to increase 
adiponectin through PPAR-γ-activated adiponectin gene transcription and enhanced 
adipogenesis [317]. Particularly, temocapril, an angiotensin-converting enzyme 
inhibitor, increased adiponectin expression in patients with essential hypertension 
[203]. A study on omental and subcutaneous preadipocytes from pre-menopausal 
women showed that plasma adiponectin was increased dramatically with renin–
angiotensin system blockers [317]. Glucagon-like peptide 1 (GLP-1) analogs and 
dipeptidyl peptidase 4 (DPP4) inhibitors can also cause a significant increase in 
adiponectin expression in 3T3-L1 adipocytes [318], as well as in clinical trials 
[319]. Another anti-diabetic agent, a sodium–glucose cotransporter-2 inhibitor 
(SGLT-2i), empagliflozin, has been reported to increase adiponectin levels in mice 
[320]. A meta-analysis of nine randomized placebo-controlled trials revealed a sig-
nificant effect for fibrate therapy in increasing circulating adiponectin levels 
(weighed mean difference: 0.38 μg/mL; 95% confidence interval: 0.13–0.63 μg/mL; 
p  =  0.003) [321]. The effect size remained significant when the analysis was 
restricted to fenofibrate trials [321]. Interestingly, an association between statins 
and adiponectin levels was observed to be dependent on statin type. A meta-analysis 
reported a significant elevation in circulating adiponectin levels following treatment 
with pitavastatin, particularly, in cases where statins were used for a duration 
≥12 weeks [316]. However, atorvastatin and rosuvastatin treatments either showed 
no effect or significantly reduced adiponectin levels, respectively [316, 322].

 Adiponectin Receptors

Under conditions of adiponectin resistance, more useful therapeutic strategies 
would be to enhance the action of adiponectin by increasing the expression and/or 
activation of the adiponectin receptors, rather than upregulate circulating adiponec-
tin levels.

8 Adiponectin, Diabetes, and the Cardiovascular System



226

AdipoR expression has been reported, particularly, in adipose tissue and in 
monocytes/macrophages, to be transcriptionally induced by nuclear hormone recep-
tors; PPAR-α/γ can positively regulate AdipoR2 expression, while liver X receptors 
can stimulate both AdipoR1 and AdipoR2 [261, 323]. Thus, AdipoR expression can 
be modulated therapeutically by various nuclear hormone receptor agonists to 
enhance the actions of adiponectin. In fact, induction of AdipoR2 via PPAR-α acti-
vation was capable of potentiating adiponectin’s actions in macrophages by having 
an additive effect on reducing intracellular cholesterol ester content [261]. 
Furthermore, dual activation of PPAR-α and PPAR-γ had a greater effect on improv-
ing IR in obese diabetic KKAy mice than single drug treatment due to increases in 
both adiponectin levels and AdipoR expression [323]. Interestingly, a recent study 
demonstrated that higher doses of statins and/or longer treatment duration can com-
promise the expression and function of adiponectin receptors, particularly on the 
monocyte–macrophage lineage, which in turn can produce a more pro- inflammatory 
phenotype [322]. Although undoubtedly statins remain the mainstay of lipid man-
agement for cardiovascular prevention, they do not fully abolish the cardiovascular 
risk. Besides statins, telmisartan, an angiotensin receptor blocker with selective 
PPAR-γ activity, enhanced the reduced ventricular cardiomyocyte AdipoR2 and 
aortic AdipoR1 expression in diabetic rats to comparable levels as in control ani-
mals [324]. Similarly, metformin upregulated AdipoR1 and AdipoR2 receptor 
expression levels in muscle and AdipoR1 in WAT of Zucker diabetic rats [325]. In 
addition, lifestyle interventions can also positively affect AdipoR1 and AdipoR2 
expression [326]. Osmotin, a novel phytohormone structurally similar to adiponec-
tin, is proposed to act as an agonist for AdipoR1 [327]. Studies with in  vivo or 
in  vitro treatment of osmotin revealed its adiponectin’s memetic effect towards 
CVDs. A study on injury by oxygen and glucose deprivation of cardiac myoblast 
cells followed by reperfusion showed that osmotin reduced the release of pro- 
inflammatory factors and increased the release of anti-inflammatory factors [328]. 
Also, there is evidence that osmotin can suppress the development of aortic athero-
sclerotic lesions in apoE−/− mice [329].

Activation of AdipoRs using peptide and small molecule-based agonists that can 
mimic the effects of adiponectin may also act as important therapeutic approaches 
for the prevention/treatment of cardiometabolic disorders. Several peptidic agonists 
of AdipoRs were designed following the identification of the active site within the 
C-terminal globular domain of the native adiponectin protein. The most commonly 
studied are ADP355, ADP399, Pep70, and BHD1028, which exhibit adiponectin- 
like activities in both in  vitro and in  vivo assays [330]. It has been shown that 
ADP355 peptide restores the subcutaneous tissue and reverses hyperinsulinemia, 
hypertriglyceridemia, and hypoadiponectinemia [331]. Moreover, it activates 
hepatic LDL receptor expression and ameliorates lipid metabolism in both wild 
type and apoE−/− mice and inhibits atherosclerosis in apoE−/−mice [332]. Finally, 
this adiponectin-based peptide can restore the liver from dysfunction and inhibit 
macrophage-mediated inflammation [333]. Through screening of compound chemi-
cal libraries, Okada-Iwabu et  al. identified the first orally active synthetic small 
molecule agonist (named AdipoRon) to bind and activate both AdipoR1 and 
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AdipoR2 [334]. It is currently the most extensively studied non-peptidic adiponec-
tin replacement therapy drug candidate. Its effects are similar to those of adiponec-
tin, where AdipoRon was reported to activate AMPK and PPAR-α signaling 
pathways to ameliorate IR, dyslipidemia, and glucose intolerance in obese diabetic 
mice [334]. Furthermore, in  vitro and in  vivo studies have demonstrated that 
AdipoRon possesses anti-inflammatory, anti-oxidative, and anti-apoptotic proper-
ties, in addition to attenuating vascular smooth muscle cell proliferation [335, 336]. 
A recent study also demonstrated that AdipoRon exerts beneficial effects in muscle 
via human AdipoR by increasing insulin sensitivity in AdipoR-humanized mice 
[337]. Overall, these findings suggest that AdipoRon may be a promising new thera-
peutic agent for the treatment of obesity-related disorders, but its efficacy and safety 
have yet to be tested in humans. Unfortunately, a major limitation of AdipoRon is 
its low cellular activity. With the recent crystallization of the AdipoR structure, this 
can help optimize the interaction between AdipoRon and AdipoR as well as identify 
novel agonists of the AdipoR pathway [115].

 Proglucagon Family of Molecules and Gut-Derived 
Peptide Physiology

Impaired insulin secretion from declining β-cell function, increased hepatic gluco-
neogenesis from the liver, and decreased peripheral glucose utilization by the mus-
cle tissues constitute the traditional core defects, known as the triumvirate, 
responsible for the development of T2DM [338, 339]. Insulin secretion may be 
paradoxically increased early in the course ofT2DM, as the pancreas is trying to 
compensate for the elevated fasting plasma glucose concentration. However, at 
some point the β-cells can no longer sustain this increased insulin secretion rate, and 
impaired glucose tolerance and T2DM ultimately become clinically apparent [340, 
341]. The San Antonio Metabolism Study [342] demonstrated clearly that β-cell 
failure occurs early in the natural course of T2DM and in fact plays a pivotal role in 
the pathophysiology of IR.  IR may be the best predictor of T2DM development 
[343, 344] as well as a strong indicator of CVD [345]. The San Antonio Heart Study 
showed a progressive increase of CVD events with progressive severity of IR [346]. 
There has been increasing evidence that compromised adipocyte metabolism plays 
an important role in the pathogenesis of T2DM [347]. Adipose tissue becomes resis-
tant to the antilipolytic effect of insulin in T2DM, which results in elevated FFA 
concentrations and lipotoxicity [348], that further increases IR and promotes β-cell 
failure. In such a state of chronic inflammation and stress, fat cells fail to secrete 
normal amounts of adiponectin, which inadvertently potentiates IR [1]. People with 
diabetes have diminished incretin effect as a result of incretin hormone deficiency 
and/or resistance [349], setting the gastrointestinal tract (GIT) as a key part of a 
quintet [350], contributing to the pathogenesis of T2DM, alongside the β-cells, the 
liver, the muscle tissue, and the adipose tissue. Hyperglucagonemia, resulting from 
increased pancreatic α-cell secretion, enhances hepatic glucose production and 
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increases hepatic IR, with a key role in the pathogenesis of diabetes [351]. The dia-
betic kidney is another tissue with a crucial role in the pathogenesis of the disease; 
namely the diabetic kidney, instead of excreting the excessive glucose load, enhances 
glucose reabsorption primarily via increased sodium–glucose cotransporter 
(SGLT)-2 in the convoluted segment of the proximal tubule [352]. The “Ominous 
Octet” involved in the pathophysiology of diabetes, as classically described by 
DeFronzo [338], is completed by perhaps the most important contributor, the 
CNS.  Obese people with and without diabetes are insulin resistant but despite 
marked hyperinsulinemia, their appetite is not suppressed as expected. This indi-
cates that appetite centers may also be resistant to insulin, which has been demon-
strated using functional magnetic resonance imaging [353, 354].

Energy homeostasis and eating patterns are tightly regulated by a complex inter-
play of CNS networks and cognitive centers with peripheral signals originating 
largely from the GIT, adipose tissue, and external food cues [355]. Enteroendocrine 
cells (EECs), distributed along the entire GIT mucosa, are the specialized cells 
capable of sensing luminal content and producing polypeptide hormones, collec-
tively termed as gut-derived hormones [356]. Vagal afferent fibers innervate the wall 
of the GIT and are closely embedded to the mucosal epithelium. Gut-derived hor-
mones secreted by the EECs act on their respective receptors on those vagal path-
ways, instrumenting effects on the bidirectional communication between the GIT 
and the brain, establishing the Brain-Gut Axis [357]. Those gut peptides act also 
directly on the nuclei of hypothalamus, brainstem, and higher brain reward centers 
with control on the hedonic aspects of eating behavior. The most important hypotha-
lamic region regulating appetite control is the arcuate nucleus, with distinct neuron 
types that have opposing effects on food intake. Aberrant gut hormone responses 
have been implicated in the pathophysiology of obesity, while alterations of hor-
mone levels have been observed following dietary interventions and/or bariatric 
surgery [358]. Modulating gut hormone levels or targeting their receptors has been 
a promising therapeutic approach in patients with obesity and MetS [359]; several 
clinical trials demonstrate the cumulative benefit in the metabolic profile of patients 
on dual or even triple gut peptide receptor agonist therapy [360], aiming to mirror 
as closely as possible the “hormonal aftermath” after bariatric surgery [361]. 
Therefore, it is of paramount importance to shed light and review the physiological 
properties of those gut peptides. The major hormones implicated in the regulation 
of energy homeostasis are ghrelin, GLP-1, peptide tyrosine-tyrosine (PYY), oxyn-
tomodulin (OXM), glicentin, amylin, glucose-dependent insulinotropic polypeptide 
(GIP), pancreatic polypeptide (PP), glucagon and cholecystokinin (CCK) [362, 
363]. Understanding the signaling pathway of peptides deriving from the preproglu-
cagon gene (Gcg) has been instrumental in diabetes and obesity pharmacology. Gcg 
is expressed in a specific population of the EECs of the GIT (L type), the pancreatic 
islet α-cells, and neurons along the nucleus of the solitary tract [364]. The Gcg 
encodes Proglucagon (ProG), a peptide which undergoes post-translational process-
ing mediated by prohormone convertase (PC) enzymes in a tissue-specific fashion. 
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In the α-pancreatic islet cells, PC2 is primarily dominant with glucagon, glicentin- 
related pancreatic polypeptide (GRPP), intervening peptide 1 (IP1), and major pro-
glucagon fragment being the more prevalent products. PC1/3 appears more dominant 
in the intestinal L cells and specific neurons and, as a result, ProG is primarily 
cleaved to GLP-1, glucagon-like peptide 2 (GLP-2), OXM, glicentin, and interven-
ing peptide 2 (IP2) [365]. Gcg expression and therefore ProG synthesis is highest in 
the colon.

 Ghrelin

Ghrelin is predominantly secreted by P/D1-type (X/A like) EECs in the gastric fun-
dus, with the duodenum producing approximately ten times less ghrelin than the 
stomach and progressively lower concentrations found distally [366]. It is a 28-amino 
acid peptide cleaved from a precursor, preproghrelin, which subsequently requires 
post-translational acylation of its serine-3 residue with attachment of a medium-
chain fatty acid, typically octanoic acid. The enzyme ghrelin-O- acyltransferase cata-
lyzes this reaction, which is necessary for ghrelin to become biologically active and 
bind to its growth hormone secretagogue receptor (GHS-R1a) [367]. Uniquely 
among other known gut peptides, ghrelin has a potent orexigenic effect. Circulating 
ghrelin levels peak pre-prandially in humans, an effect that appears to be consistent 
irrespective of particular fixed or voluntary food- or time-cues, and decrease rapidly 
in the postprandial state [368–370]. Ghrelin acts via receptors in the hypothalamus 
and vagal nerves. The primary site of action is in the arcuate nucleus of the hypo-
thalamus, where it activates the orexigenic neuropeptide Y (NPY) and Agouti-
related peptide (AgRP) neurons, as supported by attenuation of those effects in 
NPY-knockout or AgRP-knockout mice [371]. The binding of ghrelin on GHS-R1a 
of those NPY/AgRP neurons also induces a GABA-mediated inactivation of anorex-
igenic proopiomelanocortin neurons [372]. Additional sites of action include other 
hypothalamic nuclei, dorsal complex of the brainstem, and midbrain dopaminergic 
areas, while ghrelin has also been shown to have activating modulatory effects on 
brain areas that control appetite behavior such as amygdala, orbitofrontal cortex 
(OFC), and anterior insula [373, 374]. Physiologically, biologically active (acylated) 
ghrelin increases appetite and food intake, stimulates hepatic gluconeogenesis, 
delays gastric emptying, and reduces IR [366]. Plasma ghrelin levels are normally 
increased during prolonged fasting states and are immediately suppressed after food 
intake. On the contrary, in obesity, lower than expected fasting ghrelin levels have 
been observed, paired with a dysregulated postprandial suppression [375, 376]. 
Circulating ghrelin levels appear to be inversely correlated with BMI, implicating 
ghrelin’s role in the long-term energy homeostasis beyond just the short-term post 
meal initiation effects. A well-established exception to this pattern is Prader–Willi 
syndrome, where elevated ghrelin levels are observed along hyperphagia [377].
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 PYY

PYY is a 36-amino acid peptide, member of the PP-fold family containing several 
tyrosine residues with two of them located at each terminus of the peptide. PYY 
occurs in two forms, PYY1–36 and PYY3–36. The biologically active form is the 
PYY3–36, which is a truncated 34-amino acid peptide created by cleavage of the N 
terminal tyrosine and proline residues from PYY1–36 by the enzyme dipeptidyl pep-
tidase- 4 (DPP-4) [378]. PYY is postprandially secreted by L type EECs primarily 
in the distal gut, in a proportional fashion to the caloric intake but also affected by 
the macronutrient composition of the meal, with protein being a more potent stimu-
lus compared to fat or carbohydrates [379]. The initial rise in PYY levels is observed 
within 15–30 min from food intake and somewhat surprisingly rise to reach a pla-
teau between 1 and 2 h after a meal, despite highest expression levels of PYY in the 
distal gut. This physiologic mechanism along with the fact that PYY secretion is 
reduced following a vagotomy [380], suggesting that neural reflexes along with 
luminal contact with nutrients, control its secretion. The PP-fold peptide family 
exert their effect via the Y family of G-protein coupled receptors. PYY has the high-
est affinity for the Y2 receptor, which functions as an autoinhibitory presynaptic 
receptor in NPY/AgRP neurons of the arcuate nucleus in the hypothalamus and 
mediates the anorexigenic effects [381]; PYY also seems to have additional modu-
latory effect within both corticolimbic and higher-cortical areas [382]. In the periph-
ery, PYY serves as a satiety signal reducing appetite, promotes insulin sensitivity, 
induces lipolysis, and delays gastric emptying [383]. Exogenous administration of 
PYY3–36 to lean and obese individuals leads to appetite suppression and reduced 
food intake, an effect that also appears to be dose dependent [384, 385]. Notably, 
obese individuals have lower fasting PYY levels compared to normal-weight indi-
viduals as well as a more attenuated postprandial PYY secretion [386].

 GLP-1

GLP-1 is primarily secreted by L cells of the distal jejunum and ileum in response 
to ingested nutrients in a biphasic fashion; an early phase about 15 min after food 
ingestion and then a second peak at about 1-h postprandial [387]. A neuro-hormonal 
interplay with input from the enteric nervous system, other gut peptides as well as 
direct nutrient contact with the L cells, regulates the secretion of GLP-1. Shortly 
after release, GLP-1 is rapidly inactivated by DPP-4, with a plasma half-life of less 
than 2  min. The major circulating form of GLP-1 is GLP-1(7–36)amide, although 
GLP-1(7–37) is also equally potent [388]. GLP-1 binds to a specific GLP-1 receptor, 
which is widely expressed in various tissues centrally, such as hypothalamus, and 
peripherally, including pancreatic β-cells, the liver, the kidneys, and muscle tissues 
[389]. GLP-1 acts as a potent incretin hormone, promoting glucose-dependent 
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insulin secretion, suppressing appetite, delaying gastric emptying, enhancing β-cell 
proliferation, and inhibiting glucagon secretion [386, 390]. These properties have 
rendered GLP-1 a key target for the development of diabetes therapies, namely 
GLP-1 receptor agonists and DPP-4 inhibitors, as we will describe in detail later in 
this chapter.

 OXM

OXM is a 37-amino acid peptide chain, homologous to glucagon with a C-terminal 
extension of IP1 and secreted by L cells in response to food intake [391]. OXM and 
GLP-1 possess similar anorexigenic potency, despite lower affinity of OXM to the 
GLP-1 receptor [392], implicating perhaps a separate receptor yet to be identified. 
Studies utilizing manganese-enhanced magnetic resonance imaging techniques in 
mice have suggested that there might be different patterns of neuronal activation in the 
brainstem and hypothalamus between OXM and GLP-1 [393]. The constant crosstalk 
between gut hormones in the regulation of energy homeostasis is also supported by 
the ability of OXM to inhibit the pre-prandial ghrelin peak by about 44% in humans, 
which likely also contributes to the appetite suppressant effects of the molecule [394]. 
In normal-weight individuals, exogenous OXM anorexigenic effect upon food intake 
typically lasts for several hours. In a randomized, double-blind controlled cross-over 
trial in obese and overweight individuals, after subcutaneous self-administration of 
pre-prandial OXM, the peptide was shown to reduce energy intake while increasing 
activity-related energy expenditure, creating a net negative energy balance [395].

 Glicentin

Glicentin is a 69-amino acid peptide chain that incorporates the sequences of OXM 
and GRPP and is another product of the ProG cleavage by PC1/3 in the L EECs 
[396]. The exact biologic role of glicentin remains yet to be fully identified, primar-
ily secondary to lack of reliable quantitative methods of this particular hormone. 
Lower fasting glicentin levels have been observed in adolescents with obesity or 
T2DM and adults with morbid obesity [397], but no causal effect has been estab-
lished to date. Notably, in morbidly obese individuals following bariatric surgery, 
postprandial glicentin levels are elevated early in the postoperative course, and this 
rise is maintained for at least 1 year with positive correlation to weight loss, possi-
bly mediated through regulation of satiety [398]. Additionally, increased fasting 
glicentin levels have been reported in obese individuals following sleeve gastrec-
tomy or bariatric surgery, peaking at 1 year postoperatively, but those changes were 
not correlated with weight loss or improvement in glycemic control [399].
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 PP

PP belongs in the PP-fold family along with PYY and NPY. It is a 36-amino acid 
peptide with anorexigenic effect, primarily secreted by the F cells of the pancreatic 
islets of Langerhans [400] in response to nutrient ingestion and in proportion to the 
caloric load. PP binds with most affinity to the Y4 receptor, modulating mostly 
appetite-regulating regions within the brainstem and hypothalamus. Besides nutri-
ent load, other gastrointestinal and pancreatic hormones can regulate circulating PP 
levels, namely somatostatin and its analogs can reduce PP levels, while ghrelin, 
secretin, and CCK can rapidly stimulate PP release [401, 402]. Peripheral adminis-
tration of PP in lean and obese mice has shown to reduce their food intake with 
reduction in gastric emptying and increased vagal tone [403]. In turn, PP increased 
oxygen consumption and stimulated sympathetic activity, with a possible increase 
in overall energy expenditure. Similar decrease in appetite and food intake has also 
been observed in normal-weight individuals as an effect of PP [404]. Obese patients 
with Prader–Willi Syndrome have suppressed basal and postprandial PP levels, but 
exogenous PP administration to those subjects does reduce food intake, possibly 
implying that PP relative deficiency may be associated with hyperphagia [405, 406]. 
However, PP variations in non-syndrome-related obese phenotypes have not been 
clearly identified to date with mixed available data.

 CCK

CCK is one of the first identified satiety hormones [407]. It is secreted by I cells (also 
called inclusion cells) of the duodenum and jejunum as well as certain central neu-
rons as a response to nutrients in the gut; most particularly fat- and protein-rich 
meals [408]. In addition to the anorexigenic effects, CCK’s main actions include 
stimulating gallbladder contraction and pancreatic enzyme secretion, relaxing the 
sphincter of Oddi and delaying gastric emptying, essentially coordinating the diges-
tive process [409]. CCK receptors have been identified in the brain and on peripheral 
nerves, pancreas, stomach, gallbladder, lower esophageal sphincter, ileum, and the 
rectum [410]. There are two types of CCK receptors that have been identified so far, 
namely CCK-1 and CCK-2 receptors. Low CCK levels have been reported in patients 
with bulimia nervosa, with no clear pathophysiologic explanation, while obesity has 
been linked to a blunted effect of the CCK-related satiety properties [411, 412].

 Amylin

Amylin is a 37-amino acid peptide which is stored in pancreatic β-cells and co- 
secreted with insulin [413], in response to consumed nutrients and neural signals. 
Amylin and insulin increase and decrease in a similar fashion and act 
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complementary. Amylin reduces food intake, increases energy expenditure, slows 
gastric emptying and suppresses postprandial glucagon secretion [414]; downregu-
lation of amylin receptors and therefore an attenuated postprandial amylin secretion 
effect have been reported in obesity. Amylin acts on specific receptors in rewards 
centers of the brain, such as the area postrema, an interaction that may be key at 
regulating satiety [415, 416]. In a randomized, blinded, placebo-controlled multi-
center study of 88 non-diabetic obese subjects, administration of pramlintide—an 
amylin analog—was tested for 6 weeks and resulted in reduced food intake and 
meal proportions along with healthier eating habits (reduced fast food intake and 
lowered binge eating tendencies) [417].

 GIP

GIP is a 42-amino acid peptide secreted mostly from the K-EECs in the duodenum 
and proximal jejunum in response to a meal, particularly, dietary lipids and acts on 
GIP receptors, found in pancreatic islet cells, hypothalamus, and adipose tissue 
[418]. GIP demonstrates an incretin effect but unlike GLP-1, it has no effect on 
gastric emptying or induction of satiety [419]. Under hyperglycemic conditions, 
GIP potentiates insulin release, while not affecting glucagon secretion, but under 
hypo- or normo-glycemic conditions, it increases glucagon release but does not 
affect insulin [420]. GIP appears to have strong anabolic effects on adipose tissue, 
promoting fat accumulation via enhanced lipoprotein lipase activity and reduced 
release of FFAs [421, 422].

 Glucagon

Glucagon is a 29-amino acid peptide secreted from pancreatic islet α-cells in 
response to hypoglycemia and is the main hormone to counteract the effects of 
insulin [423]. PC2 is responsible for post-translational processing of ProG in the 
pancreas to generate glucagon. PC2 knockout mice demonstrate reduced levels of 
circulating glucagon, and as a result improved glucose tolerance profile [424]. 
Glucagon exerts its effects through a membrane bound G-protein-coupled receptor, 
which stimulates adenylate cyclase, inducing cyclic adenosine monophosphate lev-
els and activation of the protein kinase A pathway. The glucagon receptor gene 
encodes for the receptor and is primarily expressed in the liver and kidneys [425]. 
Glucagon levels are low in the postprandial state and increase with fasting or in 
hypoglycemic states, primarily to activate hepatic gluconeogenesis and glycoge-
nolysis and inhibit glycogenesis [426]. Repeated hypoglycemic events may ulti-
mately lead to an impaired response, namely either deficient or absent glucagon 
secretion. T2DM is a prime example of dysregulated glucagon secretion, perhaps 
secondary to defective suppression of glucagon by insulin or other β-cell products, 
resulting in a state of IR along with inappropriately elevated glucagon levels [427].
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 GLP-2

GLP-2 is a 33-amino acid peptide hormone secreted by L cells of the distal gut, 
acts on the glucagon-like peptide-2 receptor (GLP-2R), and primarily induces 
proliferation and inhibits apoptosis of enterocytes [428, 429]. Peripheral admin-
istration of GLP-2 in rodent studies reduced energy intake in lean and diet-induced 
obese mice but had no effect on gastric emptying or on satiety in humans 
[430, 431].

 SGLT2/SGLT2i Physiology

Glucose is primarily reabsorbed in the proximal convoluted tubule by membrane 
bound carrier proteins, the sodium–glucose cotransporter-2 (SGLT-2) receptors 
[432]. Glycosuria typically occurs when the threshold for renal reabsorption is met 
at around 180 mg/dL of blood glucose. As the blood glucose decreases, urinary 
glucose excretion is also reduced [433]. Inversely, in hyperglycemic conditions 
such as diabetes mellitus, the ability of renal glucose reabsorption is pathologi-
cally raised by upregulating the SGLT-2 receptors [352]. SGLT2 inhibitors 
(SGLT2i) are medications designed to block those receptors, decreasing renal glu-
cose reabsorption and enhancing glycosuria, a phenomenon that is further enhanced 
in hyperglycemic states [434]. Enhanced glycosuria in return is associated with 
caloric loss and osmotic diuresis, which likely account for the resulting weight 
loss, blood pressure improvement, and reduced plasma volume. Inzucchi et al. in 
2018 demonstrated improved erythropoietin production by SGLT2i, with improve-
ment in plasma volume markers and further optimization of cardiovascular hemo-
dynamics in those patients [435]. SGLT2i may also beneficially affect cardiac 
remodeling, improve endothelial function and reduce arterial stiffness, and improve 
cardiac contractility via higher calcium mitochondrial concentrations [436, 437]. 
The pertinent benefits of this class of medications, particularly in heart failure, 
may also likely be related and mediated by the inhibition of the sodium–hydrogen 
(Na+/H+) exchange. In a failing myocardium, the Na+/H+ potentiates via the upreg-
ulation of the Na+/H+ exchanger 1, which has been shown to be inhibited by 
SGLT2i [438]. Furthermore, shifting of cardiac substrate from FFAs and glucose 
to the more energy-efficient ketone bodies is another proposed mechanism of 
action for the SGLT2i [439]. Features of non-alcoholic fatty liver disease seem to 
be improved while on SGLT2i therapy [440, 441], portraying another possible 
mechanism of action and effect of this class of medications. Finally, several studies 
of SGLT2i have demonstrated their anti-inflammatory, anti-apoptotic, and antioxi-
dant properties, via modulating mediators such as IL-6 and IL-10, TNF-α, and 
cyclo-oxygenase-2 [442].
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 Conclusion

Obesity has long been associated with IR, hypertension, and CAD, but the mecha-
nism has remained largely unknown. Adiponectin may be one of the factors that 
explain these associations. Since a deficiency in adiponectin or a dysregulation in its 
receptor pathway may result in the development of these processes, increased 
endogenous production of adiponectin or exogenously administered peptide and 
small molecule-based agonists of the adiponectin receptor pathway may contribute 
to restoring insulin sensitivity and preventing atherosclerosis and CVD by increas-
ing fatty acid oxidation and insulin-mediated glucose uptake, and decreasing the 
endothelial and macrophage inflammatory process associated with atherosclerotic 
plaque development. Although animal studies have demonstrated benefits, clinical 
trials are needed to determine whether the beneficial effects of adiponectin can also 
be observed in humans and whether either adiponectin or adiponectin receptor ago-
nists represent a novel treatment option for type II diabetes and CAD. Moreover, 
modulating the hormone levels of gut-derived peptides may also serve as a promis-
ing therapeutic approach for obesity and cardiometabolic disorders.
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Chapter 9
Diabetes and Atherosclerosis

Maria F. Lopes-Virella and Gabriel Virella

 Introduction

Macrovascular disease, followed by renal disease, is the main cause of mortality and 
morbidity in diabetes. The development of cardiovascular complications in diabetes 
is mainly associated to the progression of atherosclerosis. Therefore, studying fac-
tors that may uniquely contribute to the accelerated development of atherosclerosis 
in diabetes has been ongoing for several decades. Regardless of years and years of 
research in this complex and multidimensional process, new genetic and metabolic 
pathways linked to the development of atherosclerosis and cardiovascular disease 
(CVD) in diabetes recently emerged, and they are being actively studied.

It is fully accepted that arteriosclerosis is a chronic inflammatory process, not a 
degenerative process that starts with endothelial dysfunction/injury, which facilitates 
deposition of lipids/lipoproteins in the vessel wall, foam cell formation, and SMC 
proliferation and frequently leads to a vascular thrombotic event secondary to plaque 
erosion and/or rupture. Numerous studies have been conducted examining how diabe-
tes, mediated by hyperglycemia or dyslipidemia, elicited or enhanced dysfunction of 
the endothelium, chronic vascular inflammation, foam cell formation, and SMC pro-
liferation and led to alterations in the clotting/fibrinolytic system, thus facilitating 
thrombi formation and acute CVD events. Endothelial dysfunction leads to dysregula-
tion of the vascular tone, as described below, and increased vascular permeability 
facilitating increased transport of LDL across the endothelium. LDL becomes trapped 
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by the extracellular matrix of the subendothelial space [1] and, due to the microenvi-
ronment conditions of this space, which excludes plasma soluble anti-oxidants, 
becomes oxidized. With oxidation of LDL, endothelial cells are stimulated to release 
potent chemoattractants, such as monocyte- chemoattractant protein 1 and others [2, 3] 
and monocyte-colony-stimulating factor [4] which promote the recruitment of mono-
cytes into the subendothelial space. Recruitment of monocytes into the vascular wall 
is also facilitated by endothelial dysfunction due to the release and activation of sev-
eral inflammatory mediators such as TNF, IL1, and IL6, which stimulate the expres-
sion of adhesion molecules, thus, mediating monocyte and T-cell adhesion to the 
endothelium. Some of the adhesion molecules are only expressed into sites with 
chronic inflammation, but some are expressed both in inflamed and normal vessel wall 
[5]. Migration of monocytes into the vessel wall further promotes oxidation of LDL.

Heavily modified LDL is cytotoxic to endothelial and smooth muscle cells [6], and 
it is no longer recognized by the LDL receptor. Heavily modified LDL is taken up by 
macrophage scavenger receptors leading to massive accumulation of cholesterol in 
macrophages and to their transformation into foam cells, the hallmark of the athero-
sclerotic process [7]. Besides promoting the transformation of macrophages into 
foam cells, oxidized LDL is a potent inducer of inflammatory molecules and growth 
factors and stimulates the immune system. Stimulation of the immune system leads 
to the formation of antibodies and, as a consequence, to the formation of immune 
complexes that may play a crucial role in macrophage activation and, therefore, con-
tribute not only to SMC proliferation but also to perpetuate chronic inflammation in 
the vessel wall and contributing to the rupture of atheromatous plaques [8, 9]. In 
recent years, phospholipids and sphingolipids were identified as important players in 
diabetes and atherosclerosis. Sphingolipids, which, together with free cholesterol, are 
an integral part of every cell membrane and are the main regulators of cell function 
and signaling [10, 11]. Changes in sphingolipid concentration and distribution in cell 
membranes will alter receptor- and non-receptor- mediated binding and cell signaling 
leading to marked alterations in cell function [12]. The impact of this new class of 
lipids in the development of atherosclerosis and diabetic complications will be quite 
likely crucial to fully understand their complex pathogenesis [13–15].

In 1993, microRNAs were discovered, and since then, they have considered as 
critical modulators of endothelial homeostasis and their dysregulation is closely 
linked to endothelial dysfunction [16]. The endothelium was designed to detect and 
respond to changes in hemodynamic forces. A pulsatile one-way flow favors an ath-
eroprotective endothelium and a disturbed flow (low oscillatory) favors an athero-
prone endothelium [17–19]. Interestingly, epigenetic and environmental factors are 
quite similar in diabetes and atherosclerosis, thus, explaining in part the accelerated 
development of atherosclerosis in diabetes [20]. Under the influence of a “diabetic 
milieu,” microRNA patterns suffer changes that will affect the levels of proteins that 
regulate endothelial function, thus, enhancing endothelial dysfunction and creating 
the necessary conditions to trigger pathways favoring the development and progres-
sion of atherosclerosis [20]. To explain the accelerated development of atherosclero-
sis in diabetes, several studies describing the inactivation of anti- oxidant defensive 
mechanisms in diabetes as a possible mechanism have been published [21–24].

In this chapter, we will update knowledge concerning factors associated or enhanced 
by the diabetic state that may accelerate the development of atherosclerosis, enhance 
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plaque rupture, and contribute to increased thrombi formation. Special emphasis will 
be placed on endothelial dysfunction, including dysregulation of vascular tone, oxida-
tive stress and inflammation, foam cell formation including lipid and lipoprotein modi-
fication, and immune responses associated with these modifications, and on the 
abnormalities of the clotting/fibrinolytic system including platelet hyperreactivity. 
Also new areas of research on the association of diabetes and atherosclerosis such as 
changes on phospholipids and sphingolipids will be discussed as well as the changes 
in microRNA patterns induced by hyperglycemia, hyperlipidemia, and drugs which 
will alter the regulation of their target genes, affecting the levels of specific proteins, 
and leading to dysregulation of endothelial functions and promotion/acceleration of 
atherosclerosis. An overall representation of the possible pathogenic mechanisms 
involved in the development of atherosclerosis in diabetes is depicted in Fig. 9.1.
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Fig. 9.1 Diagrammatic representation of the possible pathogenic mechanisms for the develop-
ment of atherosclerosis in diabetes. Turbulent blood flow, as well as increased levels of glucose, 
ROS and other pro-atherogenic factors contribute to endothelial dysfunction. Hyperglycemia con-
tributes to multiple changes in lipoprotein metabolism and in cell-lipoprotein interactions and 
induces decreased production of prostacyclin (PGI2), reduced NO activity and increased endothe-
lin and bradykinin release. These changes contribute to the accelerated development of atheroscle-
rosis in diabetic patients by reducing vasodilatation of the endothelium and, in the case of 
bradykinin promoting vasoconstriction and SMC proliferation. Increased plasma glucose levels 
promote also non-enzymatic glycation of lipoproteins and enhance their susceptibility to oxidative 
modification. These modified lipoproteins decrease fibrinolysis and increase platelet aggregation, 
which contributes to increased thrombosis. Modified lipoproteins may also reduce NO release and 
stimulate the expression of cell adhesion molecules (CAMs) leading to monocyte adhesion to the 
endothelial cell layer and migration of these cells to the subendothelial space. Glycated/oxidized 
lipoproteins in the intimal layer may be further modified by oxidative processes that result in the 
formation of glycoxidized lipoproteins that, in turn, stimulate the immune system to form antibod-
ies. The resulting immune complexes are taken up by macrophages, and they stimulate the forma-
tion of cholesteryl ester-laden cells (foam cells) and the release of cytokines. Cytokines released 
during these processes will elicit release of reactive proteins by the liver (C-reactive protein) 
besides further injuring the endothelium and, thus, exacerbate the cycle. MicroRNAs so far 
described as important players in diabetic atherosclerosis are depicted
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 Endothelial Dysfunction

The endothelium controls local vascular tone and permeability, leukocyte adhesion, 
platelet reactivity, acute and chronic inflammatory reactions, redox balance, hemo-
stasis, and thrombosis. Dysfunction of the vascular endothelium is a hallmark of 
both diabetes and atherosclerosis. Loss of functional integrity of the endothelium 
can be induced by multiple factors including fluid shear stress, pro-inflammatory 
cytokines, infectious agents, hyperlipidemia, hyperglycemia, multifactorial oxida-
tive stress, advanced glycation end-products, adipokines, environmental toxins, 
such as air pollutants, cigarette smoking, and sex hormonal imbalance among oth-
ers. Due to its ability to influence the behavior of other type of cells in the circulat-
ing blood (leukocytes and platelets) and within the vessel wall (smooth muscle cells 
and pericytes), a dysfunctional endothelium is responsible not only for the initial 
steps in the atherosclerotic process but also for its progression and for its final step: 
the formation of thrombi which leads to vessel occlusion and to acute isch-
emic events.

 Nitric Oxide

A basal production of nitric oxide (NO) by endothelial cells contributes to the regu-
lation of the vasomotor tone of the endothelium, and for preserving its non- 
atherogenic, non-thrombotic behavior is synthesized from l-arginine by nitric oxide 
synthase (eNOS) and its synthesis can be stimulated by receptor-dependent agonists 
(bradykinin and acetylcholine), by fluctuations in blood flow, and by non-receptor- 
dependent agonists (calcium ionophores) [25, 26]. Fluid mechanical forces differ-
entially regulated transcription of eNOS gene by endothelial cells. When the 
endothelium is exposed to a regular laminar flow, NO formation is enhanced [27]. 
NO produced by the endothelium can rapidly diffuse across cell membranes to act 
as a potent mediator influencing the behavior of SMC, circulating blood platelets 
and leukocytes or react with superoxide and be inactivated. Some of the NO physi-
ologic actions are mediated via activation of a soluble guanylate cyclase, which 
converts GTP to cGMP [19] in platelets, leukocytes, and SMC. eNOS mediates 
reduced platelet activation [28], inhibition of platelet aggregation, and reduction or 
prevention of monocyte adherence to the endothelium [29]. Other eNOS physio-
logic actions are mediated by S-nitrosylation [30] of various target proteins that 
modulate several cellular processes such as cell proliferation [31], apoptosis [32, 
33], exocytosis [34], ion channel activity [35], as well as blood flow and systemic 
oxygen delivery [36, 37]. Nitrosylation is a reversible process similar to phosphory-
lation [38]. NO also reacts with hemoglobin in erythrocytes enhancing oxygen 
delivery to tissues [19], prolongs bleeding time [39], and reduces plasma fibrinogen 
levels [40]. Reduced NO bioavailability leads to impaired vasodilation, abnormali-
ties in the normal function of the vascular endothelium and, as a consequence, 
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participates in the development of atherosclerosis and thrombotic events in humans 
[19, 41].

Impairment of NO-mediated vasodilation has been shown in both type 1 and type 
2 diabetes [42, 43] and contributes to the accelerated development of macrovascular 
disease in diabetes. Besides hyperglycemia, insulin resistance, and hyperlipidemia, 
oxidized lipoproteins, which are present in increased levels in diabetes, may also be 
behind the reduced NO activity in diabetes, as shown by several studies [44–46].

Hyperglycemia disrupts endothelium homeostasis by compromising insulin 
receptor binding. Stimulation of the insulin receptor may lead either to NO-mediated 
vasodilation via activation of PI3K, AKt, and eNOS phosphorylation of the serine 
residue 1177 [47] or to vasoconstriction by activation of the Ras/MAPK-signaling 
pathways [48, 49]. Activation of the MAPK pathway enhances insulin resistance 
and is linked with the development of diabetic retinopathy and nephropathy. In a 
normal endothelium and normal metabolic conditions, insulin is a vasodilator and 
stimulates endothelial NO production [50]. However, several clinical trials [51, 52] 
clearly showed that increased levels of insulin were frequently associated with 
increased risk for macrovascular disease and that led to the concept that administra-
tion of exogenous insulin would contribute to or enhance the development of mac-
rovascular complications in diabetes. This concept has been clearly discredited by 
the data of two major trials [53, 54], one performed in type 1 and another in type 2 
diabetic subjects (the DCCT and UKPDS trials). Both of them clearly show a reduc-
tion in cardiovascular events with intensive glycemic control, and although the 
reduction did not reach statistical significance, it completely excluded the hypoth-
esis that insulin administration would contribute to an increase in cardiovascu-
lar events.

However, although it is clear that administration of exogenous insulin do not lead 
to an increase in macrovascular disease, hyperinsulinemia syndromes like the insu-
lin resistance syndrome, particularly when associated with central obesity, are 
definitively associated with accelerated development of macrovascular disease and 
although glucose intolerance and hyperinsulinemia are associated with several car-
diovascular risk factors including dyslipidemia, hypertension, and dysfibrinolysis, 
the increased risk for macrovascular disease cannot be fully explained by the hyper-
tension and dyslipidemia. Baron et  al. [55] have shown that insulin causes 
endothelial- derived nitric oxide-dependent vasodilatation and that inhibition of 
nitric oxide production with L-NMMA causes complete abrogation of the insulin- 
induced vasodilatation. Interestingly, the same authors [55] have also shown that 
insulin is unable to modulate endothelial-dependent vasodilatation in obese insulin- 
resistant subjects or in type 2 diabetic subjects. Therefore, although insulin levels 
are markedly elevated in these subjects, insulin action is reduced, nitric-oxide-
dependent vasodilatation usually induced by insulin is impaired, and endothelial 
dysfunction occurs. A possible explanation is insulin’s capacity to paradoxically 
activate endothelin secretion. It has been shown that administration of insulin bolus 
on subjects with metabolic syndrome results in higher plasma endothelin 1 levels 
likely due to increased endothelin secretion [56]. Endothelin once released activates 
two G-protein-coupled receptors (GPCRs), ETA and ETB, on vascular SMC [57]. 
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In conclusion, insulin-resistant states of obesity, hypertension, and NIDDM exhibit 
blunted insulin-mediated vasodilatation and impaired endothelium- dependent vaso-
dilatation, regardless of high levels of endogenous insulin. Endothelial dysfunction 
is, therefore, an integral part of diabetes and of the syndrome of insulin resistance, 
independently of the absolute levels of glucose or insulin and strongly contributes 
to worsen insulin resistance and promote macrovascular disease.

NO may also influence lipoprotein oxidation. If cells are stimulated to express 
active NO synthase, their oxidative capability is lost [58]. On the other hand, if 
conditions in the vessel wall favor the release of superoxide, NO can be converted 
into peroxynitrate, which is a powerful oxidant [59]. A study measuring anti- oxidant 
status, lipid peroxidation, and nitric oxide end products in a group of Asian-Indian 
patients with type 2 diabetes with and without nephropathy [60] confirmed that 
oxidative stress was increased and the anti-oxidant defenses compromised in these 
patients and that these derangements were more severe in patients with diabetic 
nephropathy. Finally, abnormalities in the kallikrein/kinin pathway and dysregula-
tion of microRNAs in the endothelium and in other cells associated with the athero-
sclerotic process may also affect NO. Many of these factors may have dual actions 
in different conditions.

 Prostacyclin

As nitric oxide, prostacyclin (PGI2) is synthesized mainly by vascular endothelial 
cells and smooth muscle cells, and it is a potent vasodilator and an inhibitor of plate-
let adhesion and aggregation [61]. Several studies [62, 63] have shown that the 
synthesis of PGI2 by the vasculature of diabetic patients and by the coronary SMC 
in diabetic and atherosclerotic patients is reduced. Expression of prostacyclin is 
significantly lower in the presence of high glucose levels [64].

Formation of prostacyclin by a non-disturbed endothelium is mainly mediated 
by COX-1 and prostacyclin synthase that are constitutively expressed in endothelial 
cells. COX-2, which is inducible in endothelial cells only takes over as a major 
source of prostacyclin when severe systemic inflammation is present. The actions of 
PGI2 are mediated primarily by two receptors, the cell surface GPCR IP receptor 
and the cytosolic nuclear receptor PPAR beta [65, 66], but knowledge concerning 
all the responses elicited by the engagement of these receptors by prostacyclin and 
the signaling pathways they activate is far from being completely understood [66].

The reason why inhibition of COX-2 derived prostacyclin elicited by the use of 
non-steroidal anti-inflammatory medications, resulted in hypertension, atheroscle-
rosis and thrombosis was difficult to explain until recently when a link between 
inhibition of COX-2 and endothelial NOS was described [67, 68]. These investiga-
tors showed that when COX-2 was blocked by NSAIDs, the inhibition of the methy-
larginine pathway was equally removed resulting in increased levels of an 
endogenous eNOS inhibitor, asymmetric dimethylarginine and, therefore, both 
nitric oxide and COX-2-induced prostacyclin were reduced. This side effect of 
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NSAIDs should likely be prevented by the addition of l-arginine, a nutritional 
supplement.

The synthesis and release of both NO and prostacyclin by a non-injured endothe-
lium can be mediated by bradykinin leading to relaxation of VSMC and arterioles 
[69]. In contrast, when the integrity of the endothelium is compromised, bradykinin 
will act directly in vascular smooth cells promoting vasoconstriction [70] and fibro-
sis via activation of prostaglandin F2. Bradykinin is generated by kallikreins from 
their precursor kininogens, and it is a potent vasodilator that increases vascular per-
meability and plays a primary role in inflammation. The direct action of bradykinin 
in vascular smooth muscle cells is mediated by its binding to its β2 receptors and 
subsequent activation and nuclear translocation of p42 and p44 MAPK leading to 
the generation of reactive oxygen species [71, 72]. Activation of the MAPK path-
way leads to an increase in extracellular matrix proteins, such as collagen I and 
fibronectin [72, 73]. Douillet et  al. [73] have shown that combined activation of 
TGF-β and MAPK mediates the increased production of collagen and TIMP-1 that 
contributes to the extracellular matrix accumulation induced by bradykinin.

Abnormalities in the kallikrein/kinin pathway have been found in the DCCT/
EDIC cohort of type 1 diabetes [74] and increased expression of Β2-kinin receptors 
has been described in the vessel wall of diabetic animals [75]. Interestingly, hyper-
glycemia, which is known to induce endothelial dysfunction due to its ability to 
promote endothelial cell toxicity, has also been shown to up-regulate the expression 
of kinin receptors in vascular smooth muscle cells [76]. Thus, in diabetes, the abnor-
malities in the kallikrein/kinin system, by modulating vascular fibrosis, play an 
important role in the development of atherosclerosis.

 Endothelin 1

The endothelium secrets not only vasorelaxing agents, but also vasoconstricting 
agents, and normal endothelial function reflects a balance between the vasorelaxing 
agents previously described (NO and Prostacyclin) and vasoconstrictor agents such 
as endothelin 1 and thromboxane A2. Endothelin-1 was first described in 1988, and 
since then, a considerable amount of research has been performed to study this 
potent vasoconstrictor. Early studies suggested that endothelin-1 concentrations in 
the plasma of type 1 and type 2 diabetic patients were significantly elevated (approx-
imately 3.5-fold) compared to levels in non-diabetic patients [77]. Both insulin and 
glucose have been shown to stimulate the release of endothelin by cultured cells 
including human endothelial cells [78] porcine and bovine aortic endothelial cells 
[79], and vascular smooth muscle cells [80]. The insulin receptor, besides activating 
NO production in the endothelium via the PI3K/AKT pathway, can also activate the 
phosphorylation of the Src-homology 2 domain containing (SHC) transforming 
protein leading to activation of the MAPK pathway and increased endothelin 
expression in the endothelium [81]. The endothelin receptors are G protein-coupled 
receptors. ETA and ETB2 mediate vasoconstriction and ETB1 mediates vasodilation. 
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When endothelin binds to ETB1, release of NO and resulting vasodilation takes place 
suggesting that this type of receptor is vasculoprotective [82, 83]. Therefore, the 
deleterious or protective effect of endothelin 1 depends on the type of receptor 
engaged.

Endothelin signaling is associated with the development of atherosclerosis via 
stimulation of growth factor expression that leads to VSMC growth, migration, and 
matrix remodeling [84, 85]. Endothelin has been found to be up-regulated in athero-
sclerotic lesions both in experimental animal models and in humans [86, 87].

The role of endothelin on the vasoconstriction of the coronary circulation and on 
heart function in a model of type 1 diabetes is exaggerated likely due to alterations 
in the voltage-gated calcium channels [88, 89] and can be normalized by treatment 
with bosentan, a dual-receptor (ETA and ETB) antagonist but with higher affinity to 
ETA [90]. Studies in animal models of insulin resistance like the Zucker rats show a 
decrease in vasoconstriction mainly due to the fact that ETB is stimulated and that 
leads to NO generation and uncoupling of calcium signaling [91].

Despite the rapid accumulating evidence showing that endothelin contributes to 
the development of various cardiovascular disorders and related complications, 
clinical trials with endothelin receptor antagonists in cardiovascular diseases have 
been rather disappointing [92] due to side effects and that has prevented further 
development. Part of these negative results may stem from the complexity of ET 
receptor expression and interaction in various tissues under physiological and path-
ological conditions. Interestingly, it has been shown that statin treatment can inhibit 
ET upregulation and signaling [93]. Better understanding of the interactions 
between endothelin receptors and other therapeutic targets is, therefore, essential to 
open possible alternative therapeutic strategies.

 Thromboxane

Thromboxane A2 is one of the best studied vasoconstrictors, and it is the physiologic 
counteracting mediator for NO. Thromboxane A2 is an eicosanoid and one of the 
metabolites of arachidonic acid generated by the action of three enzymes—phos-
pholipase A2, COX-1/COX-2, and TxA2 Synthase (TXAS). Thromboxane A2 is 
released by platelets, macrophages, neutrophils, and endothelial cells during times 
of cell injury and inflammation. Thus, it is obvious that the increased activation of 
platelets in diabetics [94] contributes to the formation of thromboxane A2 (TxA2) as 
well as prostaglandin H2 in this disease state [95]. Other factors that may equally 
contribute to the increased platelet biosynthesis of thromboxane A2 include ciga-
rette smoking [96], hypercholesterolemia [97], and homozygous homocystinuria 
[98]. The rate of thromboxane (Tx) A2 biosynthesis appears to reflect the influence 
of coexisting disorders like diabetes, hypertension, and dyslipidemia on platelet 
biochemistry and function [99]. TxA2 and other isoprostanes are known to initiate 
and contribute to the progression of atherosclerosis by the regulation of platelet 
aggregation and leukocyte-endothelium interactions [100]. Interestingly, high levels 
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of TxA2 seem to be associated with hypersensitivity of coronary arteries to ergono-
vine maleate in patients with variant angina, suggesting that TxA2 is associated with 
increased vascular spasticity [101]. Enhanced TxA2 biosynthesis may represent a 
common link between cardiovascular risk factors, atherosclerosis, and the throm-
botic complication associated with macrovascular disease in diabetes. Irreversible 
inhibition of COX-1-derived TxA2 with low-dose aspirin is prophylactic against 
both primary and secondary vascular thrombotic events, underscoring the central 
role of TxA2 as a platelet agonist. COX-1 inhibitors have adverse effects such as GI 
toxicity and bleeding [102], and they may cause cardiotoxicity.

 Inflammation

The inflammatory process associated with atherosclerosis is quite complex and 
multidimensional since it involves multiple cells that play a role in the development 
of atherosclerosis. The joint efforts of activated endothelial cells, smooth muscle 
cells, monocytes and monocyte-derived macrophages, as well as various types of 
T-lymphocytes result in a complex milieu of reactive oxygen species, modified lipo-
proteins, cytokines and chemokines, adhesion molecules, and growth factors which 
leads to a sustained chronic inflammatory process within the vessel wall. This 
chronic inflammatory process is one of the main contributors to progression of ath-
erosclerosis and to the final CVD event: plaque rupture and thrombosis.

One of the first links between the endothelium and inflammation was the discov-
ery of the vascular cell adhesion molecule-1 (VCAM-1) that was found to selec-
tively promote the adhesion of leukocytes and lymphocytes via the expression of its 
counter-receptor very late antigen-4 (VLA-4), which is known to precede the 
recruitment of monocytes to nascent lesions [103].

 Oxidative Stress

It has been clearly shown that hyperglycemia and hyperlipidemia in diabetes directly 
lead to overproduction of reactive oxygen species (ROS) in endothelial cells via 
mitochondrial respiratory chain enzymes, xanthine oxidases, lipoxygenases, cyclo-
oxygenases, nitric oxide synthases, and peroxidases [104–107]. Hyperglycemia, 
besides leading to increased ROS production, will also induce increased formation 
of advanced glycation end-products (AGEs) and methylglyoxal (MGO) which 
result in an increased oxidative stress and quite likely cellular death. All that leads 
to the development of diabetic complications and specifically to the accelerated 
development of atherosclerosis in diabetes. Among the glucose-induced pathways 
leading to the formation of ROS, the lipoxygenase pathway should be mentioned 
since high glucose induces the expression of the 12/15 lipoxygenase (12/15LO), 
and the analysis of the lipid oxidation products in human arteriosclerotic lesions 
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clearly shows that oxidation of polyunsaturated fatty acids therein was mainly 
mediated by lipoxygenases [108]. Also, several studies have shown that the 12/15LO 
pathway is also able to mediate oxidative modification of LDL [109, 110] as well as 
to mediate the increase of hydroxy-eicosatetraenoic acid (12(S)HETE) in aortic 
endothelial cells [111] which has been found to stimulate monocyte adhesion to 
endothelial cells [112]. Therefore, it is quite interesting that increased glucose levels 
can cause LDL oxidation and that reactive carbonyl species, advanced glycation 
end-products (AGEs) and advanced lipoxidation end-products (ALEs) all can con-
tribute to the modification of lipids in lipoproteins leading to the formation of modi-
fied lipoproteins [113] able to stimulate the immune system and induce the formation 
of antibodies and immune complexes as described later on.

The hyperglycemia- and hyperlipidemia-induced oxidative stress leads to endo-
thelial dysfunction and that elicits increased expression of adhesion molecules in 
the endothelium, adhesion, and migration of monocytes to the subendothelial space 
where once activated secrete and release cytokines and chemokines like MCP-1 as 
well as procoagulant molecules such as tissue factor [114, 115]. All these processes 
have important pathophysiologic implications since they create a pro-inflammatory 
endothelial phenotype which is the keystone to understand the role that endothelial 
cells play in chronic inflammatory processes like atherosclerosis. In the lesion- 
prone regions of the vessel wall, all these pro-inflammatory agonists as well as the 
biomechanical stimulation by a disturbed blood flow leads to endothelial activation 
by stimulating several signaling pathways predominantly via the pleiotropic tran-
scription factor, nuclear factor-kB (NF-kB) [57, 116] and results in a coordinated 
program of genetic regulation within the endothelium. ROS drive NF-kB mainly via 
oxidation of a cysteine residue, Cys-62, which is part of the NF-kB p-50 subunit 
[117]. Some studies, however, suggest that NF-kB can also be regulated by per-
oxynitrite [118]. As discussed later in this chapter, recent studies suggest that NF-kB 
activation may lead to changes in the chromatin structure of endothelial cells and 
confer an epigenetic level of regulation to the pro-inflammatory endothelial pheno-
type during atherogenesis.

The endothelium has a plethora of anti-oxidant defense mechanisms carried out 
by genes guided by nuclear factor erythroid-derived 2-like activation (Nrf2) as well 
as by heme-monoxygenase-1 (HMOX-1). Interestingly, it was recently described 
that enzymes known to protect against the damage of oxidative stress, such as cata-
lase, superoxide dismutases, and glutathione peroxidases, are inactivated in diabetes 
[21], as demonstrated by several cellular and animal studies [22–24].

 Adhesion Molecules

Endothelial cells elaborate leukocyte-specific adhesion molecules, both constitu-
tively and in response to ROS, cytokines, and other mediators [119, 120]. Circulating 
monocytes display receptors for these cell adhesion molecules. Vascular cell adhe-
sion molecule-1 (VCAM-1) [121, 122], intercellular adhesion molecule-1 (ICAM-1) 
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[122, 123], E-selectin [122], and platelet endothelial cell adhesion molecule 
(PECAM, CD31) [122] are expressed in atherosclerotic lesions. Soluble forms of 
these adhesion molecules are present in endothelial cell culture supernatants and 
human sera [124–126]. In diabetes, increased levels of soluble cell adhesion mole-
cules were found in plasma of type 1 and type 2 diabetic patients who were reported 
as early as 1994 [127–129]. Recently increased levels of VCAM-1 and E-selectin 
were found not only in patients with type 2 diabetes but also in patients with 
impaired glucose tolerance [130]. The levels of these adhesion molecules were cor-
related with the levels of glucose and insulin obtained after a glucose tolerance test 
[130]. Similar results were obtained by another recent study by Matsumoto et al. 
[131] that shows that increased levels of VCAM-1 and E-selectin, but not ICAM-1, 
are significantly increased in a group of type 2 diabetic patients with macroangiopa-
thy and that the increase persisted after adjustment for age, sex, duration of diabetes, 
blood pressure, HbA1c, HDL-cholesterol, and smoking status. In contrast, in a very 
small study of 28 diabetic patients without any complications at entry into the study 
and followed prospectively for 5 years, high baseline ICAM-1 levels were able to 
predict the development of macrovascular disease after adjusting for age, systolic 
blood pressure, creatinine, and glycemic control [132]. In addition, a positive cor-
relation between plasma concentration of VCAM-1 and the thickness of the intimal 
plus medial layer of the carotid arteries was observed in type 2 diabetic patients 
[129], suggesting that circulating VCAM-1 levels may be a marker of atheroscle-
rotic lesions in type 2 patients with symptomatic and asymptomatic atherosclerosis. 
Increased levels of P-selectin [133] were also found to be significantly correlated in 
a group of 517 subjects (187 with type 2 diabetes) with arterial stiffness and arterial 
wall thickness, and the later association was independent of other clinical factors.

Another important link between atherosclerosis and inflammation is the fact that 
activated endothelium and smooth muscle cells release chemokines such as 
monocyte- chemoattractant protein 1, granulocyte-monocyte-stimulating factor, IL1 
and IL8 [116, 134] which further contribute to the progression of the disease, lead-
ing to further recruitment of T-lymphocytes and monocytes/macrophages [135]. 
The balance of pro- and anti-inflammatory mediators together with resolvins [136], 
which are agents that promote the resolution of inflammation, is responsible to 
lesion progression or regression.

Increased expression of adhesion molecules can also be induced in vitro using 
cultured endothelial cells by exposure to either modified lipoproteins (oxidized, 
glycated, and AGE-LDL) or cytokines [137, 138]. Some lipoproteins, like AGE- 
LDL, upon occupancy of macrophage receptors, induce the release of tumor necro-
sis factor, interleukin 1, and platelet-derived growth factor, and these mediators in 
turn promote the expression of adhesion molecules [137]. Infusion of AGE products 
in rabbits produced a variety of vascular changes. In endothelial cells, these included 
increased expression of VCAM-1 and ICAM-1 mainly in areas affected by ather-
oma [137]. Further supporting the significance of these interactions, it has been 
shown that blockade of RAGE can inhibit AGE-product-induced impairment of 
endothelial barrier function and consequent hyper-permeability. Inhibition of AGE- 
product formation using anti-oxidants has a similar effect. More recently, it has 
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been shown that lesions from human coronary arteries from patients with diabetes 
when compared to lesions from non-diabetic patients exhibit increased levels of an 
immunoreactive chemokine, fractalkine, which mediates firm adhesion of leuko-
cytes [139].

Modified lipoproteins also have the potential to induce the release of cytokines 
by yet another mechanism. They are immunogenic and, therefore, elicit production 
of antibodies and, as a consequence, the formation of immune complexes. These 
immune complexes containing modified LDL are able to stimulate macrophages 
and release increased amounts of TNF and IL1β [138]. The release of these cyto-
kines leads to increased expression of adhesion molecules [140, 141].

In type 1 diabetes, we examined the potential of adhesions molecules (VCAM-1, 
ICAM-1, and E-selectin) and other endothelial dysfunction factors like cytokines 
(IL1, TNF, and IL6) and clotting and fibrinolytic factors [fibrinogen and plasmino-
gen activator inhibitor 1 (PAI-1)] to predict over the period of 16–19  years the 
development and progression of atherosclerosis, using sequential measurements of 
carotid intima medial thickness (IMT) and these biomarkers. Our results were not 
conclusive but strongly suggested that both mild and severe degrees of inflamma-
tion are associated with the development of atherosclerosis. It also suggests that 
measurements performed, time-wise, near IMT assessment reflect best the associa-
tion between subclinical atherosclerosis and increased levels of these parameters 
and that early in the atherosclerotic process, these measurements may not have great 
clinical relevance [124].

Later in this chapter, the different modified lipoproteins as well as pro- 
inflammatory mediators released by activated macrophages as well as alterations in 
the clotting and fibrinolytic pathways will be described in more detail.

 Influence of Altered Hemodynamics 
on Endothelial Dysfunction

Endothelial cells are able to sense hemodynamic forces generated by blood flow, 
and mechano-activated transcription factors play a role in regulating endothelial 
functions associated with atheroprotective or atherogenic blood flow. Therefore, the 
expression of several endothelial genes important for thrombosis, growth regula-
tion, and pro-inflammatory activation seems to be transcriptionally regulated by 
fluid mechanical stimuli. Shear stress response elements in the promoters of these 
genes are able to up or down-regulate gene transcription [142–144]. Some genes 
like COX-2, eNOS, and superoxide dismutase are up-regulated by laminar shear 
stress. One of the most hemodynamic-responsive transcription factors is the zinc 
finger transcription factor and Kruppel-like factor 2 (KLF2) [142]. Expression of 
KLF2s has been demonstrated in the endothelium of athero-resistant regions of 
human arteries using in situ hybridization [145]. The expression of KLF2  in the 
endothelium promotes an anti-inflammatory and anti-thrombotic endothelial phe-
notype, mainly due to its antagonism of the NF-kB pathway [146]. KLF2 is 
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up- regulated by pulsatile, unidirectional laminar flow and orchestrates a multifunc-
tional atheroprotective endothelial phenotype. In contrast, oscillatory or disturbed 
flow results in enhanced expression of NF-kB resulting in a pro-inflammatory ath-
erogenic phenotype [18]. KLF2 expression depends on the activation of mitogen- 
activated protein kinase/extracellular-regulated kinase [147–149]. Nuclear factor 
erythroid 2-related factor 2 (Nrf2), another flow-mediated transcription factor, is 
also activated by the atheroprotective flow via the phosphoinositol 3-kinase/AKT 
and extracellular-regulated protein kinase 5 (ERK5) and plays a role in the regula-
tion of intracellular redox balance as well as in the resistance to extracellular oxi-
dant stresses [150–152]. KLF2 and Nrf2 act independently in the activation of 
flow-mediated gene expression, but KLF2 is required to full activation of Nrf2 and 
is required for anti-oxidant vasoprotection [153, 154]. Together, these two factors 
account for approximately 70% of the atheroprotective flow-induced transcriptome 
[154] in the endothelium, and therefore, they are the main regulators of the vasopro-
tective endothelial phenotype. KLF2 also regulates the release of microRNAs via 
the shedding of endothelial microvesicles and promotes the release of NO and 
C-type natriuretic peptide shown to be deficient in dysfunctional endothelium. One 
of the pleiotropic effects of statins is the upregulation of KLF2 expression in endo-
thelial cells when used at pharmacologic dosages [155, 156]. Mice genetically defi-
cient in KLF2, when compared with wild-type mice, displayed increased atheroma 
formation [157].

The atheroprotective and atherogenic flow influences the endothelium not only 
by the effects at transcriptional level, described above, but also by two additional 
mechanisms; epigenetic modifications, and microRNAs.

 Epigenetic Modifications and Micro RNAs

Recently, epigenetic factors have emerged as possible major contributors to the 
accelerated development of atherosclerosis in diabetes. Environment and lifestyle 
modifications closely influence changes in gene expression (on–off switch) by alter-
ing DNA methylations and histone modifications. These epigenetic modifications 
can be reversible and short lived, but they can sometimes persist even after the sig-
nal that induced them disappears. In addition, there is another way to process epi-
genetic modifications via a set of mobile small regulatory elements, the microRNAs 
(miRNAs), which are small endogenous non-coding RNA molecules that regulate 
post-transcriptional gene expression. MicroRNAs are able to silence gene expres-
sion via binding to complementary miRNA recognition elements (MREs) in the 3′ 
and 5′ unstranslated regions of their target mRNAs. Gene polymorphism, either in 
the miRNA target site or in the miRNA itself, can disrupt binding or contribute to 
disease development. Atheroprotective and atherogenic flow influences endothelial 
gene expression via miRNAs and epigenetic modifications [158, 159]. Multiple 
miRNAs have been identified, which regulate the several steps of atherosclerosis 
development in diabetes; we will discuss a few of them with the understanding that 
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the field is still in flux and many of the effects observed can be dependent on the 
tissue and conditions/stimuli present; and potential clinical translation still needs to 
be verified and confirmed. To better assess the role of miRNAs in the development 
of atherosclerosis in diabetes miRNAs that regulate cholesterol homeostasis, endo-
thelial cell homeostasis and the inflammatory response need to be carefully studied.

Several miRNAs identified as being associated with atherosclerosis in “in vitro” 
studies have been found to be expressed in atherosclerotic plaques similarly with 
those found expressed in the experimental diabetic milieu. These include miR-10a, 
miR-21, miR126, miR145, miR46a/b, miRNA185, and miRNA-326 among others. 
Some of these miRNAs are associated with endothelial dysfunction; some are involved 
in more than one process such as endothelial cell dysfunction and inflammation; and 
others are involved in cell proliferation and apoptosis. We will mention a few that 
seem promising. Some are highly expressed in the atheroprotective regions of the 
endothelium such as mi10a RNA [160] whose main action is to down- regulate the 
NF-KB pro-inflammatory pathway. miR19-a [161], miR-23b [162], and miR101 
[163] in cultured endothelial cells are also up-regulated by atheroprotective blood 
flow, leading to the suppression of endothelial cell proliferation. In contrast, expres-
sion of miR92a [164] and miR34a [165], for instance, is downregulated by atheropro-
tective flow and up-regulated by atherogenic flow in cultured endothelial cells. 
Suppression of miR92a expression results in KLF2 and KLF4 upregulation and some 
of their downstream transcriptional targets in vitro and in vivo [164, 166]. Studies in 
LDL-receptor-deficient mice showed that inhibition of miRNA-92a limits the devel-
opment of atherosclerosis in this animal model at least in part by increasing the 
expression of KLF2 and KLF4 [167]. Downregulation of miR34a leads to downregu-
lation of NFκB signaling [165] therefore contributing to the atheroprotective flow-
mediated suppression of endothelial inflammation. The atheroprotective flow also 
induces the secretion of the miR143–145 cluster via a KLF2-dependent pathway. 
These secreted miRNAs act on vascular smooth muscle cells to regulate their turnover 
and phenotype and reduce atherosclerotic lesion size in ApoE-deficient mice [168].

From the miRNAs found in atherosclerotic regions, two emerged as being mark-
edly important. One miR-126 is considered necessary for the maintenance of vascu-
lar structure in  vivo [169]. It is highly expressed in endothelial cells regulating 
endothelial cell migration, cytoskeleton reorganization, capillary network stability, 
cell survival, and apoptosis [170]. Interestingly loss of miR-126 is associated with 
diabetes, and it is reduced by a glucose-dependent mechanism. Low-plasma 
miR-126 caused VEGF resistance and endothelial dysfunction, and it is related with 
diabetic complications [171]. Similar to miRNA-126, miR-21 and miR-146a-5p 
seem also influenced by hyperglycemia. In a recent study, the presence of high glu-
cose and a disturbed blood flow in HUVEC cells led to upregulation of miR-21 
which resulted on overproduction of ROS and a defective anti-oxidant response due 
to downregulation of SOD2. These effects were reversed by a miR-21 inhibitor 
[172]. MicroRNA-146a has been identified as a negative regulator of NF-kB [173]. 
Thus, when this microRNA is decreased by hyperglycemia, the pro-inflammatory 
state is considerably enhanced [173]. Also downregulation of miR-146a by hyper-
glycemia in aortic EC led to upregulation of NADPH oxidase 4 and therefore to an 
increase in the generation of ROS [174].
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Finally, recent studies show that levels of the let-7 miRNA family are decreased 
in diabetes [175], but they can be restored to normal levels after therapies used to 
lower cholesterol like statins and to lower glucose levels like metformin, or DPP4 
inhibitors.

In conclusion, microRNAs regulate many cellular processes and more than 2000 
miRNAs have been discovered so far. If the role of polymorphisms in disease is 
properly validated, then the future of pharmacogenomics will certainly have a bright 
future and may be extremely useful.

 Mechanisms of Foam Cell Formation

Foam cells are the hallmark of the arteriosclerotic process. Diabetes appears to 
enhance foam cell formation in experimental animals and in humans. In animal 
models, type 1 diabetes induced by autoimmune-mediated beta cell destruction or 
by toxins (alloxan or streptozotocin) increases fatty streak formation [176–178]. 
Similarly, in human postmortem studies, it has been shown that diabetes accelerates 
the formation of fatty streaks. A study in 3000 youths, ages 15–34 years of age, who 
died of trauma were included on the Pathobiological Determinants of Atherosclerosis 
in Youth (PDAY) study. That study showed that youths over 25 years of age with 
elevated levels of glycated hemoglobin (>8%) had significantly more fatty streaks 
in the right coronary artery than controls even when their lipid profiles were normal 
[179, 180]. A recent high-resolution ultrasound in vivo study of common carotid 
arteries of 11-year-old children with type 1 diabetes showed that these children had 
an increased intima-media thickness compared to a matched control group [181]. 
The increased intima-media thickness in children with type 1 diabetes did not 
appear to be due to conventional risk factors, such as increased blood pressure, 
increased total and LDL cholesterol, and triglycerides or low HDL levels [181]. 
Thus, these results indicate that diabetes, in the absence of conventional risk factors, 
accelerates arteriosclerosis in humans. The mechanisms behind such increase are 
not known, but they may be related with the presence in diabetes of increased levels 
of modified lipoproteins or of lipoproteins of abnormal composition since the best- 
known mechanism leading to the transformation of macrophages into foam cells is 
the uptake of lipoproteins of abnormal composition by macrophages [7]. Another 
mechanism, even more efficient in inducing foam cell formation, is the uptake of 
oxidized LDL immune complexes by Fcγ Receptor I [182, 183].

 Quantitative/Qualitative Abnormalities of Lipoproteins

In poorly controlled diabetic patients, plasma LDL, intermediate density lipopro-
teins (IDLs), and VLDL levels are elevated [184–186]. The increase in VLDL levels 
has been attributed to increased hepatic production or decreased clearance of VLDL 
[187] and may be very significant in the development of arteriosclerosis in diabetes 
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and in women [188]. High-density lipoprotein (HDL) levels in diabetes vary with 
the type of diabetes and with glycemic control. In type 2 diabetic patients, HDL 
levels are usually low and do not always increase with improved metabolic control 
[185, 189]. In type 1 diabetic patients, HDL-cholesterol levels are low during poor 
glycemic control and increase to normal or above normal when adequate control is 
attained [186, 190]. Changes with improved glycemic control are less marked in 
women than in men [186]. In type 1 black diabetic women, little association is 
observed between plasma lipid levels and glycemic control [190].

Quantitative abnormalities, which can be located either in the protein or in the 
lipid moiety of the lipoproteins can lead to intracellular accumulation of cholesterol 
in the vessel wall. In diabetic patients with a decreased ratio of apoC/apoE [191, 
192], although enhanced hepatic clearance of remnants was observed, there was 
also increased uptake of remnants by macrophages that lead to CE accumulation. 
We have also demonstrated, several years ago that triglyceride-enriched LDL iso-
lated from IDDM patients in poor metabolic control was taken up and degraded less 
efficiently than normal LDL by human fibroblasts [193]. Hiramatsu et  al. [194] 
confirmed our studies and demonstrated that triglyceride-enriched LDL isolated 
from both diabetic and non-diabetic subjects with hypertriglyceridemia was poorly 
recognized by fibroblasts. Bagdade et al. [195] demonstrated altered-free choles-
terol/lecithin ratios in LDL and VLDL fractions in males with type 1 diabetes, 
resulting in altered lipoprotein metabolism. Similar observations were made in type 
2 diabetic patients, and, like in type 1 diabetic patients, the abnormalities did not 
respond to improved glycemic control [196]. Finally, high levels of small, dense 
LDL, and increased levels of apolipoprotein B have been described in patients with 
type 1 and type 2 diabetes, when in poor metabolic control [197, 198] contributing 
to the enhanced atherogenicity of diabetic plasma.

HDL composition can also be markedly affected by diabetes, and this may impair 
reverse cholesterol transport [199]. Fielding et al. [200, 201] observed that choles-
terol efflux from normal fibroblasts was inhibited when the cells were incubated 
with plasma from poorly controlled type 2 diabetic patients compared with normal 
plasma. An increase in the triglyceride content of HDL has also been noted in type 
2 diabetic patients with hypertriglyceridemia and low levels of HDL-cholesterol 
[196, 202, 203] and cannot be fully corrected by improved glycemic control [196]. 
As with VLDL and LDL, the composition of surface lipids in HDL is abnormal in 
diabetes and, at least in HDL3, remains so despite improvements in glycemic con-
trol [196]. Alterations in the apoprotein content of HDL in diabetes have also been 
described [204], diminishing the anti-atherogenic potential of the particle.

 Lipoprotein Modification

In diabetes, increased non-enzymatic glycosylation affects any protein exposed to 
elevated levels of glucose. Glucose is covalently bound, mainly to lysine residues in 
protein molecules forming fructose lysine. Subsequently, further reactions occur, 
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mainly in long-lived proteins, leading to the development of unreactive end- 
products, many of which are cross linked, brown, or fluorescent [205]. The most 
common description for these end-products is advanced glycation end-products 
(AGEs). The formation of these end-products and the accompanying increase in 
protein fluorescence are mediated by free radical oxidation [206]. Thus, since gly-
cation and oxidation are involved, the products are also called “glycoxidation prod-
ucts.” It has been recognized that some of the advanced glycation end-products are 
derived from oxidation of lipids [207]. Oxidation of unsaturated fatty acid side 
chains yields reactive carbonyl-containing fragments (glyoxal, 4-HNE, MDA), 
which in turn may react with aminogroups, mainly lysine residues [208]. Some of 
the lipoxidation products are similar to glycoxidation products [207].

It has been postulated that enhanced glycation, oxidation, and glycoxidation of 
lipoproteins may underlie the development of macrovascular disease in diabetes. 
This is quite an attractive hypothesis since it would explain the individual variation 
in the development of complications in diabetes. Regardless of the similarity in 
glycemic control and cardiovascular risk factors, the development of complications 
would depend upon differences in oxidative stress and variations in the anti-oxidant 
defenses as well as in differences in the immune response to the modified lipopro-
teins. A short summary of the large body of evidence showing that modified lipo-
proteins may be relevant to the accelerated development of atherosclerosis in 
diabetes is presented below.

 Lipoprotein Glycation

Schleicher et al. [209] were the first investigators to demonstrate that human lipo-
proteins (LDL and HDL) undergo increased glycation when exposed to elevated 
glucose concentrations and to postulate that increased glycation of lipoproteins 
in vivo might have significant metabolic consequences. Their initial studies showed 
that the extent of incorporation of glucose into HDL and LDL apolipoproteins (apo 
A-I, A-II, B, C, and E) was directly proportional to the time of incubation and to the 
concentration of glucose. Subsequent studies by our group built upon these observa-
tions. We demonstrated that the extent of glycation of LDL correlates well with 
other short- and medium-term indicators of glycemic control (mean plasma glu-
cose, plasma protein glycation, and HbA1c) and that increased LDL glycation is 
present even in normolipidemic diabetic patients in satisfactory glycemic con-
trol [210].

Studies performed by a number of investigators who have prospectively treated 
IDDM patients with intensive insulin regimens to achieve euglycemia have reported 
decreases in LDL levels of 5–27% [211, 212]. That decrease in LDL levels may be 
related to the decrease in LDL glycation induced by the intensive insulin therapy 
and subsequent increase in LDL clearance. LDL clearance is mediated primarily by 
the LDL-receptor-mediated pathway. Studies [213, 214] aimed at investigating the 
metabolism of glycated LDL in cultured human fibroblasts have shown that in nor-
mal human fibroblasts, which possess the classical LDL receptor, there was impaired 
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binding and degradation of glycated compared to control LDL, the impairment 
being proportional to the extent of glycation. Modification of as few as 2–5% lysine 
residues of LDL led to a 5–25% decrease in LDL catabolism by human fibro-
blasts [214].

The above studies were confirmed by our laboratory, using LDL isolated from 
diabetic subjects and sex, age, and race-matched control subjects. We have shown 
that recognition by human fibroblasts of LDL isolated from diabetic patients is 
markedly impaired [193]. Interestingly, unlike fibroblasts, human monocyte-derived 
macrophages recognized LDL glycated in vitro to a greater extent than native LDL, 
fourfold over control LDL values [215]. A separate, low-affinity, high-capacity 
receptor pathway by which glycated LDL gains entry into the macrophage was 
identified. Other studies performed in our laboratory [216] further support the 
enhanced atherogenicity of glycated LDL in diabetes. In these studies, we isolated, 
using a boronate affinity chromatography column that binds fructose-lysine adducts, 
two fractions of LDL from type 1 diabetic patients and compared their metabolic 
behavior. The glycated LDL fraction was poorly taken up and degraded by fibro-
blasts. In human monocyte-macrophages, uptake of the bound (glycated) LDL was 
twofold greater than that of the non-bound (non-glycated) LDL fraction. The uptake, 
however, was not mediated by the LDL-receptor pathway, but by a high-capacity, 
low-affinity receptor pathway. From these studies, we concluded that “in vitro” gly-
cated LDL and LDL from diabetic patients are poorly recognized by the classical 
LDL receptor, but they are preferentially recognized by a distinct receptor pathway 
present in human macrophages leading to increased intracellular accumulation of 
cholesteryl esters thereby contributing to the accelerated development of athero-
sclerosis in diabetes.

Glycated LDL also affects platelet aggregation. Compared to LDL from control 
subjects, LDL from type 1 diabetic patients is a more potent stimulator of throm-
boxane B2 release and thrombin-induced platelet aggregation [217].

 Lipoprotein Oxidation and Glycoxidation

Glycation of LDL under hyperglycemic conditions is likely to result in increased 
formation of oxidized LDL [218]. Several mechanisms have been proposed to 
explain the increased oxidation of lipoproteins in diabetes. One of them involves the 
auto-oxidation of simple monosaccharides [219], such as glucose, and of fructose 
lysine [219, 220], the first Amadori rearrangement product, under physiologic con-
ditions and in the presence of trace amounts of metal ions. Auto-oxidation of these 
compounds generates superoxide radicals, and lipid peroxidation occurs. Another 
mechanism possibly responsible for increased oxidation of LDL in diabetes is the 
impaired clearance of glycated LDL that leads to an increase in the lipoprotein cir-
culation time and facilitates its exposure to oxidative stress. In damaged vessel 
walls, trapping of LDL due to covalent glucose-derived cross-linking of LDL to 
glycated structural proteins may be yet another mechanism contributing to increased 
LDL oxidation in diabetes.
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Several studies support the above mechanisms. Brownlee et  al. [221] have 
reported an increase in LDL-collagen cross-linking when the lipoprotein is exposed 
to modified collagen (containing browning products), compared to control collagen. 
Glycated LDL is more susceptible to oxidation than non-glycated LDL and 
increased oxidative modification of LDL occur in the presence of high glucose lev-
els [220]. Tsai et al. [222] showed that in poorly controlled insulin-dependent dia-
betic patients without macrovascular disease, the lag phase of conjugated diene 
formation after initiation of LDL oxidation by the addition of copper was shorter 
than in normal control subjects. That increase in susceptibility to oxidation was not 
associated with an increase of small dense LDL in the diabetic population, but with 
a decrease in the total peroxyl radical trapping potential of plasma (TRAP) which 
was significantly decreased in the IDDM patients. Our laboratory showed that, in 
contrast to what happens in poorly controlled diabetics, in IDDM without preexis-
tent complications and with normal lipid levels and good glycemic control, the sus-
ceptibility of LDL to oxidation is not enhanced [223].

That oxidized or glycoxidized LDL indeed plays an important role in the 
pathogenesis of atherosclerosis that has been confirmed by the presence of oxi-
dized lipoproteins in the vessel wall [224, 225] and regression of lesions in ani-
mals treated with anti-oxidants [226]. Recently, AGE epitopes have also been 
described in atherosclerotic lesions of euglycemic rabbits [227]. Interestingly, the 
AGE epitopes were found in similar locations as the epitopes generated during the 
modification of lipoproteins by oxidation. Other studies show that blockade of the 
receptor for advanced glycation end-products (RAGE) results in decreased inflam-
mation in pre- formed lesions in streptozotocin-induced diabetic apoE-deficient 
mice [228]. Because RAGE binds to a number of interesting ligands in addition to 
AGEs, it is not known if the effects of RAGE blockade in this study were due to 
preventing the uptake of AGEs. In fact, RAGE blockade reduced atherosclerotic 
lesion size [228] and intimal thickening after arterial injury [229] in non-diabetic 
mice, suggesting that the role for RAGE ligands is not dependent on the dia-
betic state.

Several clinical studies further strengthened the morphologic findings described 
above. Regnstrom et al. [230] have shown that the degree of susceptibility to oxida-
tion of LDL isolated from 35 male survivors of myocardial infarction was posi-
tively correlated with the severity of coronary atherosclerosis. Several other 
investigators described increased susceptibility to oxidation of LDL in patients 
with coronary heart disease [231], as well as patients with carotid or femoral ath-
erosclerosis [232].

In contrast with the pletora of information that exists concerning LDL oxidation, 
very little is known concerning oxidation of other lipoproteins. Oxidation of VLDL 
has been shown to be cytotoxic [233], but very little is known concerning possible 
metabolic alterations that may result from the oxidation of this lipoprotein. Oxidative 
modification of HDL in vitro has been shown to impair the ability of HDL to stimu-
late cholesterol efflux from foam cells [234]. Recently, Bowry et al. [235] reported 
that HDL is the major carrier of oxidized lipids in plasma and may be responsible 
for the hepatic clearance of oxidized lipids from plasma.
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 Phospholipid Oxidation

The carbonyl-containing intermediates resulting from oxidative stress-induced 
damage of carbohydrates, may not only modify proteins but also phospholipids 
[236] and nucleotides [237]. Oxidized phospholipids (OxPL) can be detected in 
inflammatory tissues, including atherosclerotic plaques, and have been found to pro-
mote inflammation as well as the development and progression of atherosclerosis 
[238]. In humans, OxPL circulate in association with ApoB-100 particles, such as 
LDL and LP(a) protein, and the levels of OxPL/ApoB are predictors of future car-
diovascular events [239, 240]. Oxidized LDL contains oxidized phospholipids that 
can mediate the uptake of oxLDL by scavenger receptors [239] but are also likely to 
be taken up by oxLDL-IC opsonized after interaction with Fc receptors. The 
observed differences when macrophages are incubated with copper-oxidized oxi-
dized LDL vs. highly oxidized MDA-LDL [241] could be a consequence of differ-
ences in the content of oxidized phospholipids in those two forms of oxidized LDL.

Additionally, recent studies carried out in animal models show that the uptake of 
oxidized and other forms of modified LDL is regulated by the CD36 scavenger 
receptor, and the interaction of CD36 with oxLDL has been proposed as a key factor 
determining macrophage retention in plaques, therefore, creating conditions favor-
able of chronic inflammation [242]. This has led to studies in animal models that 
suggest that compounds able to down-regulate the expression of CD36 may have a 
protective effect by reducing the uptake of modified LDL and the resulting foam 
cell formation [242, 243].

 Modified LDL Antibodies 
and LDL-Containing Immunocomplexes

In addition to the interactions described above, modification of proteins, such as 
oxidation and AGE modification, may alter their structure sufficiently to render 
them immunogenic. The levels of oxLDL antibodies have been repeatedly reported 
to correlate with different end-points considered as evidence of atherosclerotic vas-
cular disease, progression of carotid atherosclerosis, or risk for the future develop-
ment of myocardial infarction [244–248]. Salonen et  al. [245] reported a direct 
relationship between the titer of autoantibodies to MDA-LDL and the rate of pro-
gression of carotid atherosclerosis. Lehtimaki et al. reported higher levels of oxi-
dized LDL antibodies in patients with angiographically verified coronary disease 
[246]. According to Erkkilä and co-workers, oxLDL antibody levels were signifi-
cantly elevated in men with myocardial infarction [247]. In type 2 diabetic patients, 
Bellomo et al. found higher levels of oxLDL and MDA-LDL antibodies compared 
to healthy controls [248]. It must be noted that several studies have yielded contra-
dictory data, showing either no correlation between modified LDL antibodies and 
end-points of atherosclerotic disease, or even showing inverse correlations 
[249–254].
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Initially, in animal models, IgM antibodies to modified LDL seem to predomi-
nate over IgG antibodies [255, 256] and have a protective effect in relation to the 
development of atherosclerosis. The possibility of “vaccination” was even consid-
ered [257]. This concept was completely abandoned by data showing that the pro-
posed protective murine IgM antibodies are predominantly reactive with oxidized 
phospholipids [256] but mainly because human antibodies were extensively charac-
terized and when the isotype distribution of modified LDL antibodies was studied 
under stringent conditions, using affinity chromatography-purified antibodies, the 
predominant isotypes were IgG1 and IgG3, distantly followed by IgM [258, 259]. 
The balance between IgG and IgM LDL antibodies may have, however, some 
pathogenic relevance, as suggested by reports showing that common carotid and 
femoral intima-media thickness are directly related to the levels of IgG oxLDL 
antibodies and inversely related to the levels of IgM oxLDL antibodies [260].

A clearer perspective about the pathogenic role of modified LDL antibodies 
seems to emerge when the levels of circulating antigen-antibody complexes 
(immune complexes, IC) containing modified forms of LDL (LDL-IC) are mea-
sured [8, 253, 261–263]. LDL-IC have been reported to be increased in patients 
with coronary artery disease [253] and in diabetic patients with nephropathy [263]. 
The composition of IC isolated from the sera of diabetic patients by precipitation 
with polyethlylene-glycol (PEG) has demonstrated a significant enrichment in car-
boxymethyl lysine (CML) and MDA-lysine [259], suggesting that oxLDL and 
AGE-LDL are involved in IC formation. This is supported by the detection in the IC 
of significantly elevated concentrations of oxLDL and AGE-LDL IgG antibodies of 
higher affinity than those that remain free in the supernatant [8, 259, 263].

The advantages and disadvantages of the measurement of LDL-IC, their pro- 
inflammatory potential, and their role in the development and progression of athero-
sclerosis have been summarized in previous publications [264, 265]. The 
transformation of human monocyte-derived macrophages into foam cells can be 
induced either by insoluble LDL–IC or as LDL–IC adsorbed to red blood cells 
(RBC). Both types of LDL–IC may be formed in vivo. Subendothelial LDL depos-
its are likely to include LDL-IC formed in situ, and these are probably large insolu-
ble aggregates. Soluble LDL-IC circulates in blood adsorbed to RBC via C3b 
receptors and other non-specific interactions. In vitro, both insoluble and soluble 
(RBC adsorbed) LDL–IC prepared with rabbit apoB antibodies induce profound 
alterations in lipoprotein metabolism and in the cholesterol homeostasis of 
monocyte- derived macrophages [182, 266]. These observations were reproduced 
using LDL-IC prepared with human copper-oxidized LDL and purified human 
oxLDL antibodies [9]. The increased accumulation of CE in human macrophages 
exposed to LDL-IC is secondary to an increased uptake of the LDL complexed with 
antibody, followed by altered intracellular metabolism of the particle [183]. LDL-IC 
were taken up by macrophages as a consequence of their interaction with the FcγI 
receptor [267]. Surprisingly, while inducing foam cell formation, the LDL-IC also 
stimulates a considerable increase in LDL-receptor activity [266, 268]. The increase 
in LDL-receptor activity seems to be specifically induced by LDL-IC and not by 
other types of immune complexes [183, 268]. However, the most important data that 
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completely validate the pro-inflammatory role of LDL-IC were human studies per-
formed by our group and others that clearly show that increased levels of oxLDL-
 IC, MDA-LDL-IC, and AGE-LDL-IC were associated in vivo with development 
and progression of atherosclerosis and CVD (stroke, MI and CVD death) in large 
cohorts of type 1 diabetes (DCCT/EDIC cohort) and type 2 diabetes (the VADT 
cohort) [269–273].

 Sphingolipids

Sphingolipids are synthesized de novo in the endoplasmic reticulum (ER) and 
derive from catabolism of other sphingolipids via the salvage or hydrolytic path-
ways. Ceramide is the central piece of the sphingolipid metabolism and is the key 
precursor in the biosynthesis of different sphingolipids. Alterations in the distribu-
tion and concentration of sphingolipids together with traditional risk factors con-
tribute to the pathogenesis of atherosclerosis and cardiovascular disease [274]. 
Abnormalities in sphingomyelin (SM), ceramide, and glycosphingolipids have been 
associated with increased atherosclerosis, and higher plasma levels of sphingomy-
elin have been proposed as independent risk factors for coronary heart disease in 
humans [275]. Recent studies not yet published (personal communication) strongly 
suggest, however that in type 2 diabetes, plasma levels of sphingolipids, including 
sphingomyelin, do not adequately translate the major deviations of diabetes-induced 
sphingolipids and that the content of sphingolipids in individual lipoproteins not in 
plasma are more indicative of disease and likely more representative of the develop-
ment of complications.

Interestingly, the LDL present in atherosclerotic plaques has a higher content of 
SM compared to plasma LDL, mainly arising from de novo synthesis in the aorta 
[276]. SMases may hydrolyze LDL-sphingomyelin in the arterial wall increasing 
LDL-ceramide and resulting in aggregation of lipoproteins, which like LDL-IC, 
leads to initiation and progression of atherosclerosis [277].

When experimental myocardial infarction is induced in male Wistar rats [278], 
significant alterations in plasma, erythrocytes, and platelets sphingomyelin levels 
were observed. Also increased plasma sphingomyelin levels have been reported in 
ApoE mice compared to wild-type mice [279]. Overexpression of SMS2 in mice 
exaggerates the inflammatory process in atherosclerosis [280], whereas inhibition 
of sphingolipid synthesis by myriocin reduces atherosclerosis [281].

Like sphingomyelin, increased plasma and aortic ceramide levels are also associ-
ated with increased risk of cardiovascular disease [281]. The ratio of certain 
ceramide species may be predictive of cardiovascular death in coronary artery dis-
ease independent of lipid markers [282], perhaps because it promotes lipoprotein 
aggregation, inflammation and apoptosis leading to plaque instability. In vitro isch-
emia/reperfusion of rat hearts was associated with decreased sphingomyelin levels 
and significantly increased ceramide concentrations [283]. Increased ceramide con-
centrations may induce apoptosis in cardiomyocytes and, therefore, contribute to 
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increased cardiomyopathy, mortality, and morbidity in diabetic patients [274]. It has 
been shown that ceramide-induced apoptosis of cardiomyocytes may result from 
TNF-α-induced synthesis of ceramide [284].

Plasma glycosphingolipid concentrations are also elevated in patients at increased 
risk of atherosclerosis [285] and accumulate in atherosclerotic lesions in human and 
ApoE knockout mice [286, 287]. However, inhibition of glycosphingolipid synthe-
sis has no effect in decreasing atherosclerosis [288, 289]. Recent studies in diabetic 
nephropathy which is closely associated with the development of atherosclerosis in 
diabetes, demonstrated that lower plasma levels of very long-chain lactoceramides 
are predictive of diabetic nephropathy in type 1 diabetes [290]. It is, therefore, likely 
that the same can be observed in atherosclerosis. It remains to be determined 
whether elevated or decreased levels of glycosphingolipids are pro-atherogenic 
in humans.

In contrast to ceramide and sphingomyelin, plasma S1P [274] is believed to be 
cardioprotective. Plasma levels of S1P do significantly decrease after myocardial 
infarction [291] and increase in patients after percutaneous coronary intervention 
[292]. Low S1P levels are associated with impaired cell signaling and vasodilation, 
but these defects can be corrected by loading HDL with S1P [293] indicating that 
low S1P could be a contributing factor of HDL dysfunction in atherosclerosis.

Adiponectin, by stimulating its receptor’s inherent ceramidase activity, leads to 
the formation of sphingosine which is then phosphorylated via sphingosine kinase 
to produce S1p [294]. Since adiponectin levels are low in diabetes that leads to an 
increase in tissue ceramides and a decrease in S1p levels due to the decreased 
ceramidase activity [284].

There is an overlap between inflammation and ceramide production converging 
on the TLR4 pathway [295]. A subset of fatty acids that induce ceramide synthesis 
[296] are similar to those that activate TLRs. Saturated fat induces ceramide pro-
duction and an inflammatory response via a TLR4-dependent pathway [297]. 
Lipopolysaccharide (LPS), which activates TLR4, induces accumulation of 
ceramide in serum, liver, kidney, and spleen. The combination of LPS and palmitate 
synergistically activates ceramide production via TLR4-dependent and independent 
signaling pathways [298]. A TLR-4-mediated pathway to ceramide production is 
induced by activation of SMase [299].

 Pathogenesis of Diabetic Vasculopathy

 Macrophage Activation by Modified Lipoproteins 
and LDL-Immune Complexes

AGE-product/receptor interactions in macrophages may induce release of cyto-
kines, TNF, and IL1 among others [300], and these cytokines may mediate growth 
and remodeling and accelerate the atherosclerotic process. AGE-products in vessel 
walls have been localized immunologically to intracellular locations in 
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macrophages, smooth muscle cells, and in foam cells. Vlassara et al. [301] identi-
fied initially a receptor for AGE-products on monocyte/macrophages. Schmidt et al. 
[302] cloned and characterize the RAGE receptor and have demonstrated its involve-
ment in oxidative stress, endothelial dysfunction, inflammation, and development of 
atherosclerosis and diabetic complications in general [303–305] as well as the abil-
ity to minimize these effects once the RAGE receptor is blocked [306, 307]. 
Interestingly, the role of simvastatin in stabilizing atheroma plaques is mediated by 
the inhibition of RAGE expression [308]. Other modified lipoproteins, such as 
oxLDL, have also been described as stimulating the release of cytokines and induc-
ing foam cell formation, but it only occurs after an epigenetic reprogramming of 
monocytes. Exposure of monocytes to oxLDL will induce reprogramming of mono-
cytes leading to an enhanced response to TLR 2 and 4 as well as to upregulation of 
CD36 and SRA [309].

Also oxidized phospholipids generated during LDL oxidation may activate 
inflammatory cells through their interaction with TLR4 [310]. Furthermore, oxLDL 
can also activate Th1 cells leading to the release of interferon-gamma, which in turn 
activates macrophages, inducing release of chemokines that attract more T-cells to 
the area [311].

Release of cytokines by macrophages can also be induced by exposure of the 
cells to IC-containing modified forms of LDL. This results on upregulation of LDL 
and scavenger receptor expression, and leads to the release of IL1, TNF, IL6, IL12, 
ROS, as well as to complement activation [9, 312, 313]. Actually, in a large number 
of experiments carried out in our laboratory, incubation of human macrophages 
with LDL-IC in concentrations known to induce foam cell formation stimulated 
both cytokine release and the respiratory burst more efficiently than any other type 
of IC or oxLDL [313–315]. That can be explained by a different pattern of traffick-
ing of oxLDL and oxLDL-IC in macrophages. OxLDL-IC are taken up by FcγR and 
oxLDL by scavenger receptors and while oxLDL-IC consistently activate acid 
sphingomyelinase (ASmase), oxLDL induces a rapid and transient increase in 
ASmase if the exposure is short. With chronic exposure of macrophages to oxLDL, 
the levels of ASmase are sustained instead of transient, but they are considerably 
lower than those induced by oxLDL-IC. Since the functionality of ASmase is criti-
cal for the macrophage inflammatory response to stimuli, it explains why the activa-
tion of macrophages by IC is frankly higher than that of oxLDL [315]. 
Immunecomplexes containing malondialdehyde (MDA) were the most effective in 
releasing cytokines, MCP-1, and metalloproteinases, and in inducing cell apopto-
sis [316].

Cytokines and chemokines together with ROS contribute to the increased expres-
sion of adhesion molecules in the endothelium and to the recruitment of monocytes 
into the subendothelial space. Once macrophages are activated either by stimulatory 
signals or by interacting with endothelial cells, they will cause or aggravate endo-
thelial cell damage. OxLDL-IC priming of the Nlrp3 inflammasome, a critical com-
ponent of the innate immune system that mediates both the secretion of 
pro-inflammatory cytokines and caspase 1 activation to promote apoptosis, involves 
the cooperation of TLR and FcγR [317]. Both blocking uptake of oxLDL-IC by 
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FcγRI using Fab(2) fragments or using TLR4 antagonists will attenuate vascular 
inflammation and atherogenesis [318, 319],

Activation of macrophages leads not only to the release of cytokines and other 
growth factors but also to the release of growth factors such as PDGF [320–322], 
transforming growth factor [323], and collagenases [324]. The pro-inflammatory 
factors released during macrophage activation contribute to the development of ath-
erosclerosis by enhancing smooth muscle cell (SMC) proliferation and matrix pro-
duction by SMC, by causing plaque destabilization by inducing endothelial cell 
procoagulant activity [325], releasing platelet activating factor [326], and by 
enhancing endocytosis, cholesterol synthesis, and LDL-receptor expression in 
monocytes/macrophages. Activated macrophages will overexpress CD40, an impor-
tant modulator of the inflammatory response in the vessel wall, upon interaction 
with CD40 ligand. It is well known that in acute coronary syndromes, the levels of 
CD40 ligand are elevated, and increased levels of CD40 ligand were also found in a 
group of 39 patients with diabetes and angiographically documented CAD [327]. 
Treatment with rosiglitazone but not with placebo was able to significantly decrease 
the levels of CD40 ligand in the same patients [327].

In conclusion, macrophage activation is a key step in the pathway leading to 
endothelial dysfunction, inflammation, and atherosclerosis development and pro-
gression [264, 265]. Considering the importance of inflammation in atherosclerosis, 
many of the CVD treatments like statins have been evaluated for its positive effect 
on inflammation and this field in still being actively pursued [328].

 Expression of Metalloproteinases Induced by Modified 
Lipoproteins and Modified LDL-Immune Complexes: Role 
in Plaque Rupture

Angiographic studies on patients with acute myocardial infarction led to the surpris-
ing finding that, frequently, the atherosclerotic lesion that gave rise to the occlusive 
thrombus did not have high-grade stenosis [329, 330]. These studies led to the con-
cept that the composition of atherosclerotic plaques is more important than their 
size in triggering plaque rupture and acute vascular events.

The thickness and collagen content of the fibrous cap as well as the size of the 
lipid core are the most important elements in determining plaque vulnerability. 
Vulnerable plaques that are prone to rupture have a thin fibrous cap, due to a marked 
decrease in collagen content, and their lipid core usually occupies more than 40% 
of the plaque area. Thus, mechanisms that contribute to decrease the collagen con-
tent of plaques have been the focus of considerable attention in recent years. 
Collagens are synthesized and assembled by vascular smooth muscle cells and 
degraded by collagenases. Thus, both decreased production of collagen by smooth 
muscle cells, as well as enhanced degradation of collagen by collagenases, can con-
tribute to plaque vulnerability [331]. It has been shown that the expression of col-
lagens in smooth muscle cells is regulated by cytokines and growth factors [332]. 
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Transforming growth factor-β (TGF-β) and PDGF stimulate the synthesis of colla-
gen type I and III whereas IFN-γ markedly decreases collagen biosynthesis [332]. 
Studies examining the pathology of atherosclerotic lesions and studies with cell 
culture systems indicated that IFN-γ, which is released by activated T-cells, inhibits 
smooth muscle cell proliferation and collagen expression in smooth muscle cells 
[333]. IFN-γ also promotes apoptosis of smooth muscle cells [334]. Decreased syn-
thesis of collagen is not, however, the only mechanism leading to the decreased 
collagen content in vulnerable atherosclerotic plaques. As mentioned before, 
increased degradation of collagen by collagenases is also an important factor. Most 
of the collagen (50–75%) in a normal artery is type I collagen [335]. Interstitial col-
lagenase, or metalloproteinase (MMP-1), is an important proteinase specialized in 
the initial cleavage of collagens, mainly type I. Other metalloproteinases, such as 
MMP-2 and -9, catalyze further the breakdown of collagen fragments or activate 
MMP-3 and -10 and other members of MMP family, promoting the degradation of 
a broad spectrum of matrix constituents, such as proteoglycans and elastin. MMP 
activity is regulated not only by the production but also by tissue inhibitors of 
MMPs (TIMPs) [336]. MMP-1 has been found in vulnerable regions of atheroscle-
rotic plaques, suggesting that this collagenase plays a role in plaque destabilization 
[337]. We have shown that oxidized LDL and oxLDL-IC stimulate the expression 
of MMP-1 in human vascular endothelial cells at transcriptional level. That increased 
expression is associated with a marked increase in collagenase activity [338–340]. 
Similar results were observed in human macrophages stimulated with oxLDL-IC 
for MMP-1 and 9 [316]. We have also demonstrated that marked glucose-induced 
upregulation of MMP-1 was observed in macrophages when IL6 was added to the 
experiment. This upregulation was mediated through activation of Erk1/2, JNK, and 
c-Jun [341]. Interestingly, when the experiments were performed using co-cultures 
of fibroblasts and monocytes, upregulation of MMP-1 was induced by the release of 
IL6 by fibroblasts. In conclusion, this study demonstrates that IL6 derived from 
fibroblasts is essential for MMP-1 upregulation by cross-talking between fibroblasts 
and U937 macrophages exposed to high glucose, revealing an IL6-dependent mech-
anism in MMP-1 upregulation [342].

A few studies have investigated MMP levels and activities in diabetes. Serum 
levels of MMP-2, MMP-8, and MMP-9 are increased in patients with type 2 diabe-
tes [343]. In a group of 377 subjects with type 1 diabetes, plasma levels of MMP-2 
were significantly associated with higher incidence of CVD events and high levels 
of MMP-1, MMP-2, and MMP-3 were significantly associated with all-cause mor-
tality, during a 12-year follow-up. The associations were attenuated after adjust-
ment by eGFR both for MMP-2 and CVD and MMP-3 and mortality [344].

Another possible mechanism of plaque rupture is increased cell death. Contrarily 
to what it was conventionally accepted it has been shown recently that “apoptotic” 
cells can release cytokines and that, following apoptosis, an inflammatory response 
in the arterial wall induced by the overexpression of Fas-associating death domain 
protein (FADD), one of the signaling molecules in the apoptotic pathway may occur 
[345]. Furthermore, apoptotic cells have a potent procoagulant activity due to the 
redistribution of phosphatidylserine on the cell surface during apoptosis, which 
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leads to increased tissue factor activity, a key element in the initiation of coagula-
tion. During cell apoptosis, shedding to the lipid core of membrane apoptotic mic-
roparticles rich in PS, which carry almost all tissue factor activity, is responsible for 
the procoagulant activity of the plaque [346]. The increased expression of tissue 
factor is not limited however to the plaque but it is also found in circulating mono-
cytes in patients with acute coronary syndromes [347]. Recently, a study was per-
formed in which human monocyte-derived macrophages were incubated with 
cytokines and oxLDL to assess the production of these microparticles vesicles. 
Oxidized LDL through binding to the CD36 receptor was able to significantly 
increase the production of tissue factors expressing prothrombotic microparticles 
via a caspase 3/7-dependent manner [348]. The increase observed in tissue factor 
was 78%, and the production was inhibited by treatment of the cells with mevas-
tatin. Whether or not diabetes enhances the expression of tissue factor in circulating 
monocytes or in plaques is not known.

 Thrombus Formation

Thrombi may form in atherosclerotic vessels leading to tissue ischemia, tissue death 
or both. Formation of thrombi starts with adhesion of platelets to areas of endothe-
lial damage and, as a consequence, to local accumulation of platelets at sites of 
vascular injury. Platelet aggregation follows platelet adhesion due to the release of 
intraplatelet materials that may affect not only the clotting/fibrinolytic system but 
also lead to the formation of microemboli. Thus, to understand the formation of 
thrombi, the final step of an acute vascular event, it is essential to understand the 
functional abnormalities of platelets.

 Abnormalities in Platelet Function

Many alterations in platelet function are seen in diabetes mellitus. Several studies 
have shown that platelets from diabetic subjects are more sensitive to platelet aggre-
gating agents and that synthesis of thromboxane B2 is increased [349, 350]. These 
findings have been shown both in diabetic patients immediately after the onset of 
the disease as well as in patients with vascular disease, suggesting that platelet dam-
age may occur as a result of diabetic vascular disease as well as possibly contribut-
ing to the development of the process.

A defense mechanism against thrombosis is mediated by natural anti-coagulants 
like protein C, which inhibits factor V and VIII and by the tissue factor pathway 
inhibitor that blocks the binding of partially activated factor VII to exposed tissue 
factor (TF), the complex that initiates coagulation. The next step is fibrinolysis and 
that depends on clot structure, which is altered in diabetes and on fibrinolytic fac-
tors, the tissue-plasminogen activator (tPA) and the plasminogen activator inhibitor 
1 (PAI-1) which blocks the conversion of plasminogen into active plasmin [351].
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 Abnormalities in Coagulation

Activation of the coagulation system leads to formation of fibrin clots, which in turn 
may lead to vessel occlusion and an acute cardiovascular event, therefore, represent-
ing the final step in the atherosclerotic process. Most of the individual factors in 
both the intrinsic and the extrinsic coagulation pathways, as well as the inhibitors of 
coagulation, may be altered in diabetes. Both in type 1 and type 2 diabetes, there are 
an increase in procoagulant factors and decreased fibrinolysis activity. The mecha-
nisms leading to these alterations in diabetes are mainly secondary to hyperglyce-
mia and insulin resistance but other factors like increased release of ROS by cells 
involved in the atherosclerotic process, and increased levels of AGEs are also able 
to enhance coagulation by modulating tissue factor expression via activation of the 
NF-kB activation [352]. Furthermore, exposure of human macrophages and smooth 
muscle cells to oxidized LDL enhances their ability to support activity of two major 
complexes of the intrinsic pathway, Xase, a membrane bound complex formed by 
factor VIIIa and IXa, and prothrombinase (factor Xa and cofactor Va) leading to a 
10- to 20-fold increase in thrombin formation [353]. The increase in the intrinsic 
procoagulant activity was related to formation of additional fVIII-binding sites due 
to increased translocation of phosphatidylserine to the outer membrane of oxLDL- 
treated cells and a fivefold higher affinity of interaction between components of the 
Xase complex [353]. Since oxLDL is present in high levels in diabetes, this may be 
also an important prothrombotic mechanism in this disease.

Interestingly, acute hypoglycemia may create also clotting problems by altering 
the structure of the fibrin clot, increasing factor VIII activity, accelerating thrombin 
generation, and inducing alterations in fibrinolytic activity [354, 355]. That likely 
explains some of the negative results of the ACCORD trial [356] concerning inten-
sive insulin therapy. Due to the possible negative impact in clotting and fibrinolysis 
of some of the glucose and/or lipid-lowering medications, the study of drug effects 
on CVD events is now a requirement for diabetes-related drugs.

High circulating levels of tissue factor (TF) and Factor VII, the complex that 
initiates the thrombotic process, are increased in patients with type 2 diabetes, and 
they are directly modulated by glucose and insulin [357]. The increase in factor VII 
is related to hypertriglyceridemia, a common finding mainly in poorly controlled 
diabetes and lowering of triglycerides may attenuate the problem [358].

High levels of plasma fibrinogen levels have been considered as an independent 
risk factor for thrombotic events in population-based studies [359] and have been 
found to be markers of subclinical atherosclerosis and peripheral vascular disease in 
diabetes [360–362]. Besides glucose control, exercise may also affect plasma fibrin-
ogen, and it has been shown that exercise conditioning will lower plasma fibrinogen 
levels in type 2 diabetes [363].

Thrombin generation is increased in type 1 and type 2 diabetes and high throm-
bin levels lead to denser, less permeable clots which are resistant to lysis [357, 364]. 
Hyperglycemia mediates high thrombin production and, therefore, adequate control 
of diabetes will lead to a reduction in thrombin levels [364, 365].
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Because fibrinogen-to-fibrin formation is catalyzed by thrombin, investigations 
have centered on the regulation of thrombin activity in diabetes and on an in vivo 
index of thrombin activity, the fibrinopeptide A (FPA). FPA is cleaved from the 
alpha-chain of fibrinogen by the action of thrombin. This is the first step in the con-
version of fibrinogen to fibrin. FPA levels tend to be elevated in diabetes, especially 
when control is poor or vascular problems exist [366].

Another factor contributing to activation of the coagulation system in diabetes is 
a decrease in antithrombin III (ATIII). ATIII is the most important inhibitor of the 
coagulation system, and its activity may be modulated by glucose both in vitro and 
in vivo.

Ceriello et al. [367] described an inverse correlation between antithrombin III 
activity and both HbA1c and plasma glucose, independent of plasma concentrations 
of antithrombin III. Brownlee et al. [368] have shown that increased glycation of 
antithrombin III impairs its thrombin-inhibiting activity and could contribute to the 
accumulation of fibrin in diabetic tissues.

An additional potent inhibitor of coagulation that is altered in diabetes is protein 
C. Activated protein C is a vitamin K-dependent plasma protein that acts at the level 
of factor V and VIII in the intrinsic coagulation scheme. Several investigators have 
reported decreased levels of protein C antigen and activity levels in type 1 diabetes 
[367, 369], and a return to normal with treatment [367].

 Abnormalities in the Fibrinolytic System

The fibrinolytic system is a critical regulator of thrombosis. Theoretically, small 
amounts of fibrin are constantly deposited on the endothelium and are continually 
dissolved, resulting in a dynamic balance between clotting and fibrinolysis. The 
generation and activity of plasmin, the enzyme responsible for the degradation of 
fibrin deposits and thrombi, are regulated mainly by the production of two critical 
proteins by the vascular endothelium, tissue-plasminogen activator (tPA), and the 
main inhibitor of tPA, plasminogen activator inhibitor-1 (PAI-1). tPA converts inac-
tive plasminogen into plasmin at the site of fibrin formation.

Lipoproteins are able to regulate tPA and PAI-1 release, as demonstrated by 
in  vitro studies using cultured endothelial cells. Very low-density lipoprotein 
(VLDL) isolated from normal individuals induces the release of tPA from cultured 
endothelial cells, whereas VLDL from hypertriglyceridemic individuals is unable to 
do so [370]. Endothelial production of PAI-1 was, however, increased by incubation 
with VLDL obtained from hyperglycemic patients [371]. PAI-1 can be released not 
only by endothelial cells but also from the adipose tissue, particularly visceral fat, 
and that may account, in part, for the association between obesity, diabetes, and 
impaired fibrinolysis [372, 373]. Cytokines such as interleukins 1 and 6, transform-
ing growth factor-β, and TNF may contribute to augment PAI-1 expression in adi-
pocytes [374, 375]. Another factor likely to influence PAI-1-circulating levels in 
diabetes is the renin–angiotensin system since binding of angiotensin II to the AT1 
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receptor augments PAI-1 synthesis [376] and the renin–angiotensin system (RAS) 
is activated in patients with type 2 diabetes.

Human studies performed in large cohorts have shown that low tPA antigen lev-
els have a higher predictive value for mortality in patients with established CVD 
than cholesterol, triglycerides, fibrinogen, blood pressure, diabetes, or smoking 
[377]. In diabetes, impaired fibrinolysis (low tPA and/or high PAI-1) is an indepen-
dent risk factor for myocardial infarction in diabetic subjects [378–380]. Decreased 
fibrinolytic function in type 2 diabetes correlates with the presence of CVD [381].

PAI-1 expression and release are increased in patients with type 2 diabetes [382–
384], and the increase is more marked in patients with hypertriglyceridemia [385]. 
Increased concentrations of free fatty acids in diabetes may account for the insulin 
and VLDL-mediated augmentation of PAI-1 synthesis, and therefore, normalization 
of elevated concentrations of free fatty acids by improvement of glycemic control 
near-normalizes the fibrinolytic system activity in type 2 diabetes as shown by 
Juhan-Vague et al. [386]. The use of ACE inhibitors is known to attenuate hypofibri-
nolysis both in the circulation and in tissues [387], which renders the recommenda-
tions of the American Diabetes Association to use angiotensin receptor blockers or 
angiotensin-converting enzyme inhibitors extremely useful not only for the treat-
ment of hypertension and reduction of albuminuria but also to attenuate the impair-
ment of fibrinolysis in diabetes.

References

1. Nievelstein PFEM, Fogelman AM, Frank FS, Mottino G. Lipid accumulation in rabbit aortic 
intima 2 hours after bolus infusion of LDL: a deep-etch and immunolocalization study of 
rapidly frozen tissue. Arterioscler Thromb. 1991;11:1795–805.

2. Navab M, Imes SS, Hama SY, Hough GP, Ross LA, Bork RW. Monocyte transmigration 
induced by modification of low-density lipoprotein in co-cultures of human aortic wall cells 
is due to induction of monocyte chemotactic protein 1 synthesis and is abolished by high 
density lipoprotein. J Clin Invest. 1991;88:2039–46.

3. Schwartz D, Andalibi A, Chaverri-Almada L, Berliner JA, Kirchgessner T, Fang ZT, Tekamp- 
Olson P, Lusis AJ, Gallegos C, Fogelman AM. The role of the Gro family of chemokines in 
monocyte adhesion to MM-LDL-stimulated endothelium. J Clin Invest. 1994;94:1968–73.

4. Rajavashisth TB, Andalibi A, Territo MD, Berliner JA, Naveb M, Fogelman AM, Lusis 
AJ.  Induction of endothelial cell expression of granulocyte and macrophage colony- 
stimulating factors by modified low density lipoproteins. Nature. 1990;344:254–7.

5. Galkina E, Ley K. Vascular adhesion molecules in atherosclerosis. Arterioscler Thromb Vasc 
Biol. 2007;27:2292–301.

6. Hessler JR, Robertson AL Jr, Chisolm GM. LDL-induced cytotoxicity and its inhibition by 
HDL in human vascular smooth muscle and endothelial cells in culture. Atherosclerosis. 
1979;32:213–8.

7. Fogelman AM, Shechter I, Seager J, Hokom M, Child JS, Edwards PA. Malondialdehyde 
alteration of LDL leads to cholesterol ester accumulation in human monocytes/macrophages. 
Proc Natl Acad Sci U S A. 1980;77:2214–8.

8. Virella G, Lopes-Virella MF.  Lipoprotein autoantibodies: measurement and significance. 
Clin Diagn Lab Immunol. 2003;10:499–505.

M. F. Lopes-Virella and G. Virella



287

9. Virella G, Atchley D, Koskinen S, Zheng D, Lopes-Virella MF.  DCCT/EDIC Research 
Group. Pro-atherogenic and pro-inflammatory properties of immune complexes prepared 
with purified human oxLDL antibodies and human oxLDL. Clin Immunol. 2002;105:81–92.

10. Bartke N, Hannun YA.  Bioactive sphingolipids: metabolism and function. J Lipid Res. 
2009;50(Suppl):S91–6.

11. Hannun Y, Obeid LM. Sphingolipids and their metabolism in physiology and disease. Nat 
Rev Mol Cell Biol. 2018;19:175–91.

12. Eich C, Manzo C, de Keijzer S, Bakker G-J, Reinieren-Beeren I, García-Parajo MF, Cambi 
A. Changes in membrane sphingolipid composition modulate dynamics and adhesion of inte-
grin nanoclusters. Sci Rep. 2016;6:20693.

13. Jiang X-C, Jing L.  Sphingolipid metabolism and atherosclerosis. Handb Exp Pharmacol. 
2013;216:133–46.

14. Klein RL, Hammad SM, Baker NL, Hunt KJ, Al Gadban MM, Cleary PA, Virella G, Lopes- 
Virella MF. DCCT/EDIC Research Group. Decreased plasma levels of select very long chain 
ceramide species are associated with the development of nephropathy in type 1 diabetes. 
Metabolism. 2014;63(10):1287–95.

15. Lopes-Virella MF, Baker NL, Hunt KJ, Hammad SM, Arthur J, Virella G, Klein RL. DCCT/
EDIC Research Group. Glycosylated sphingolipids and progression to kidney dysfunction in 
type 1 diabetes. J Clin Lipidol. 2019;13(3):481–91.

16. Fernández-Hernando C, Suárez Y. MicroRNAs in endothelial cell homeostasis and vascular 
disease. Curr Opin Hematol. 2018 May;25(3):227–36.

17. Traub O, Berk BC. Laminar shear stress: mechanisms by which endothelial cells transduce an 
atheroprotective force. Arterioscler Thromb Vasc Biol. 1998;18:677–85.

18. Dai G, Kaazempur-Mofrad MR, Natarajan S, Zhang Y, Vaughn S, Blackman BR, Kamm RD, 
García-Cardeña G, Gimbrone MA. Distinct endothelial phenotypes evoked by arterial wave-
forms derived from atherosclerosis- susceptible and -resistant regions of human vasculature. 
Proc Natl Acad Sci U S A. 2004;101:14871–6.

19. Gimbrone MA, García-Cardeña G. Endothelial cell dysfunction and the pathobiology of ath-
erosclerosis. Circ Res. 2016;118:620–36.

20. La Sala L, Prattichizzo F, Ceriello A. The link between diabetes and atherosclerosis. Eur J 
Prev Cardiol. 2019;26(2 Suppl):15–24.

21. Ceriello A, Morocutti A, Mercuri F, Quagliaro L, Moro M, Damante G, Viberti GC. Defective 
intracellular antioxidant enzyme production in type 1 diabetic patients with nephropathy. 
Diabetes. 2000;49:2170–7.

22. La Sala L, Cattaneo M, De Nigris V, Pujadas G, Testa R, Bonfigli AR, Genovese S, Ceriello 
A. Oscillating glucose induces microRNA-185 and impairs an efficient antioxidant response 
in human endothelial cells. Cardiovasc Diabetol. 2016;15:71.

23. La Sala L, Mrakic-Sposta S, Micheloni S, Prattichizzo F, Ceriello A.  Glucose-sensing 
microRNA-21 disrupts ROS homeostasis and impairs antioxidantresponses in cellular glu-
cose variability. Cardiovasc Diabetol. 2018;17:105.

24. Lewis P, Stefanovic N, Pete J, Calkin AC, Giunti S, Thallas-Bonke V, Jandeleit-Dahm KA, 
Allen TJ, Kola I, Cooper ME, de Haan JB. Lack of the antioxidant enzyme glutathione perox-
idase- 1 accelerates atherosclerosis in diabetic apolipoprotein E-deficient mice. Circulation. 
2007;115:2178–87.

25. Sessa WC. eNOS at a glance. J Cell Sci. 2004;117:2427–9.
26. Kuchan MJ, Frangos JA. Role of calcium and calmodulin in flow-induced nitric oxide pro-

duction in endothelial cells. Am J Phys. 1994;266:C628–36.
27. Gimbrone MA, García-Cardeña G. Vascular endothelium, hemodynamics, and the pathobiol-

ogy of atherosclerosis. Cardiovasc Pathol. 2013;22:9–15.
28. Huszka M, Kaplar M, Rejto L, Tornai I, Palatka K, Laszlo P, Udvardy M. The association 

of reduced endothelium derived relaxing factor-NO production with endothelial damage 
and increased in  vivo platelet activation in patients with diabetes mellitus. Thromb Res. 
1997;86:173–80.

9 Diabetes and Atherosclerosis



288

29. Moncada S, Palmer R, Higgs E. Nitric oxide: physiology, pathophysiology, and pharmacol-
ogy. Pharmacol Rev. 1991;43:109–42.

30. Stamler JS, Simon DI, Osborne JA, Mullins ME, Jaraki O, Michel T, Singel DJ, Loscalzo 
J. S-nitrosylation of proteins with nitric oxide: synthesis and characterization of biologically 
active compounds. Proc Natl Acad Sci U S A. 1992;89:444–8.

31. Ignarro LJ, Buga GM, Wei LH, Bauer PM, Wu G, del Soldato P. Role of the arginine-nitric 
oxide pathway in the regulation of vascular smooth muscle cell proliferation. Proc Natl Acad 
Sci U S A. 2001;98:4202–8.

32. Dimmeler S, Haendeler J, Nehls M, Zeiher AM. Suppression of apoptosis by nitric oxide via 
inhibition of interleukin-1beta-converting enzyme (ICE)-like and cysteine protease protein 
(CPP)-32-like proteases. J Exp Med. 1997;185:601–7.

33. Kang-Decker N, Cao S, Chatterjee S, Yao J, Egan LJ, Semela D, Mukhopadhyay D, Shah 
V. Nitric oxide promotes endothelial cell survival signaling through S-nitrosylation and acti-
vation of dynamin-2. J Cell Sci. 2007;120(Pt 3):492–501.

34. Matsushita K, Morrell CN, Cambien B, Yang SX, Yamakuchi M, Bao C, Hara MR, Quick 
RA, Cao W, O’Rourke B, Lowenstein JM, Pevsner J, Wagner DD, Lowenstein CJ. Nitric 
oxide regulates exocytosis by S-nitrosylation of N-ethylmaleimide-sensitive factor. Cell. 
2003;115:139–50.

35. Xu L, Eu JP, Meissner G, Stamler JS.  Activation of the cardiac calcium release channel 
(ryanodine receptor) by poly-S-nitrosylation. Science. 1998;279:234–7.

36. Stamler JS, Jia L, Eu JP, McMahon TJ, Demchenko IT, Bonaventura J, Gernert K, Piantadosi 
CA. Blood flow regulation by S-nitrosohemoglobin in the physiological oxygen gradient. 
Science. 1997;276:2034–7.

37. Haldar SM, Stamler JS. S-nitrosylation: integrator of cardiovascular performance and oxygen 
delivery. J Clin Invest. 2013;123:101–10.

38. Hess DT, Stamler JS. Regulation by S-nitrosylation of protein post-translational modifica-
tion. J Biol Chem. 2012;287:4411–8.

39. Hogman M, Frostell C, Arnberg H, Hedenstierna G. Bleeding time prolongation and NO 
inhalation. Lancet. 1993;341:1664–5.

40. Kawabata A. Evidence that endogenous nitric oxide modulates plasma fibrinogen levels in 
rat. Br J Pharmacol. 1996;117:236–7.

41. Freedman JE, Loscalzo J, Benoit SE, Valeri CR, Barnard MR, Michelson AD. Decreased 
platelet inhibition by nitric oxide in two brothers with a history of arterial thrombosis. J Clin 
Invest. 1996;97:979–87.

42. Johnstone MT, Creager SJ, Scales KM, Cusco JA, Lee BK, Creager MA.  Impaired 
endothelium- dependent vasodilation in patients with insulin-dependent diabetes mellitus. 
Circulation. 1993;88:2510–6.

43. McVeigh GE, Brennan GM, Johnston GD, McDermott BJ, McGrath LT, Henry WR, Andrews 
JW, Hayes JR.  Impaired endothelium-dependent and independent vasodilation in patients 
with type 2 (non-insulin-dependent) diabetes mellitus. Diabetologia. 1992;35:771–6.

44. Chin JH, Azhar S, Hoffman BB. Inactivation of endothelial-derived relaxing factor by oxi-
dized lipoproteins. J Clin Invest. 1992;89:10–8.

45. Blair A, Shaul PW, Yuhanna IS, Conrad PA, Smart EJ.  Oxidized low density lipoprotein 
displaces endothelial nitric oxide synthase from plasmalemmal caveolae and impairs eNOS 
activation. J Biol Chem. 1999;274:32512–9.

46. Drab M, Verkade P, Elger M, Kasper M, Lohn M, Lauterbach B, Menne J, Lindschau C, 
Mende F, Luft FC. Loss of caveolae, vascular dysfunction and pulmonary defects in caveolin-
 1 gene disrupted mice. Science. 2001;293:2449–52.

47. Ku Lencordt PJ, Rosel E, Gerszten RE, Morales-Ruiz M, Dombkowski D, Atkinson WJ, Han 
F, Preffer F, Rosenzweig A, Sessa WC, Gimbrone MA, Ertl G, Huang PL. Role of endothe-
lial nitric oxide synthase in endothelial activation: insights from eNOS knockout endothelial 
cells. Am J Physiol Cell Physiol. 2004;286:C1195–202.

48. Huang PL. Lessons learned from nitric oxide synthase knockout animals. Semin Perinatol. 
2000;24:87–90.

M. F. Lopes-Virella and G. Virella



289

49. Kuhlencordt PJ, Gyurko R, Han F, Scherrer-Crosbie M, Aretz TH, Hajjar R, Picard MH, 
Huang PL. Accelerated atherosclerosis, aortic aneurysm formation, and ischemic heart dis-
ease in apolipoprotein E/endothelial nitric oxide synthase double-knockout mice. Circulation. 
2001;104:448–54.

50. Scherrer U, Randin D, Vollenweider L, Nicod P. Nitric oxide release accounts for insulin’s 
vascular effects in humans. J Clin Invest. 1994;94:2511–5.

51. Fontbonne AM, Eschwege EM. Insulin and cardiovascular disease. Paris prospective study. 
Diabetes Care. 1991;14:461–9.

52. Despres JP, Lamarche B, Mauriege P, Cantin B, Dagenais GR, Moorgani S, Lupien 
PJ. Hyperinsulinemia as an independent risk factor for ischaemic heart disease. N Engl J 
Med. 1996;334:952–7.

53. The Diabetes Control and Complications Trial Research Group. N Engl J Med. 
1993;329:997–1017.

54. UK Prospective Diabetes Study Group. Lancet. 1998;353:854–65.
55. Baron AD.  Insulin and the vasculature  – old actors, new roles. J Investig Med. 1996;44: 

406–12.
56. Anderson TJ, Gerhard MD, Meredith IT, Charbonneau F, Delagrange D, Creager MA, 

Selwyn AP, Ganz P.  Systemic nature of endothelial dysfunction in atherosclerosis. Am J 
Cardiol. 1995;75:71B–4B.

57. Pober JS, Cotran RS. Cytokines and endothelial cell biology. Physiol Rev. 1990;70:427–51.
58. Jessup W, Dean RT. Autoinhibitor of murine macrophage mediated oxidation of LDL by 

nitric oxide synthesis. Atherosclerosis. 1993;101:145–55.
59. Ischiropoulos H, al Mehdi A. Peroxynitrate-mediated oxidative protein modifications. FEBS 

Lett. 1995;364:279–82.
60. Bhatia S, Shukla R, Venkata MS, Gambhir J, Madhava PK. Antioxidant status, lipid peroxi-

dation and nitric oxide end prodicts in patients with type 2 diabetes mellitus with nephropa-
thy. Clin Biochem. 2003;36:557–62.

61. Moncada S. Biological importance of prostacyclin. Br J Pharmacol. 1982;76:3–31.
62. Colwell JA, Lopes-Virella MF, Winocour PD, Halushka PV. New concepts about the patho-

genesis of atherosclerosis in diabetes mellitus. In: Levin ME, O’Neal LW, editors. The dia-
betic foot. 4th ed. St. Louis, MO: Mosby-Year Book; 1988. p. 51–70.

63. Sekiguchi N, Umeda F, Masakado M, Ono Y, Hashimoto T, Nawata H. Immunohistochemical 
study of prostacyclin-stimulating factor (PSF) in the diabetic and atherosclerotic human coro-
nary artery. Diabetes. 1997;46:1627–32.

64. Umeda F, Masakado M, Takei A. Difference in serum-induced prostacyclin production by 
cultured aortic and capillary endothelial cells. Prostaglandins Leukot Essent Fat Acids. 
1997;56:51–5.

65. Mitchell JA, Ahmetaj-Shala B, Kirkby NS, Wright WR, Mackenzie LS, Reed DM, 
Mohamed N.  Role of prostacyclin in pulmonary hypertension. Glob Cardiol Sci Pract. 
2014;2014:382–93.

66. Mitchell JA, Kirkby NS. Eicosanoids, prostacyclin and cyclooxygenase in the cardiovascular 
system. Br J Pharmacol. 2019;176(8):1038–50.

67. Yu Y, Ricciotti E, Scalia R, Tang SY, Grant G, Yu Z, et al. Vascular COX-2 modulates blood 
pressure and thrombosis in mice. Sci Transl Med. 2012;4:132–54.

68. Ahmetaj-Shala B, Kirkby NS, Knowles R, Al’Yamani M, Mazi S, Wang Z, et al. Evidence 
that links loss of cyclooxygenase-2 with increased asymmetric dimethylarginine: novel expla-
nation of cardiovascular side effects associated with anti-inflammatory drugs. Circulation. 
2015;131:633–42.

69. Toda N, Bian K, Akiba T, Okamura T. Heterogeneity in mechanisms of bradykinin action in 
canine isolated blood vessels. Eur J Pharmacol. 1987;135:321–9.

70. Briner VA, Tsai P, Schrier RW. Bradykinin: potential for vascular constriction in the presence 
of endothelial injury. Am J Physiol Renal Fluid Electrolyte Physiol. 1993;264:F322–7.

71. Greene EL, Velarde V, Jaffa AA.  Role of reactive oxygen species in bradykinin induced 
mitogen-activated protein kinase and c-fos induction in vascular cells. Hypertension. 
2000;35:942–7.

9 Diabetes and Atherosclerosis



290

72. Velarde V, Ullian ME, Mornelli TA, Mayfield RK, Jaffa AA.  Mechanisms of MAPK 
activation by bradykinin in vascular smooth muscle cells. Am J Physiol Cell Physiol. 
1999;277:C253–61.

73. Douillet CD, Velarde V, Christopher JT, Mayfield RK, Trojanowska ME, Jaffa 
AA. Mechanisms by which bradykinin promotes fibrosis in vascular smooth muscle cells: 
role of TGF-® and MAPK. Am J Physiol Heart Circ Physiol. 2000;279:H2829–37.

74. Jaffa AA, Durazo-Arvizu R, Zheng D, Lackland DT, Srikanth S, Garvey TW, Schmaier 
AH. DCCT/EDIC Study Group. Plasma prekallikrein: a risk marker for hypertension and 
nephropathy in type 1 diabetes. Diabetes. 2003;52:1215–12221.

75. Christopher J, Jaffa AA. Diabetes modulates the expression of glomerular kinin receptors. Int 
Immunopharmacol. 2002;2:1771–9.

76. Christopher J, Velarde V, Zhang D, Mayfield D, Mayfield R, Jaffa AA. Regulation of B2 
kinin receptors by glucose in vascular smooth muscle cells. Am J Physiol Heart Circ Physiol. 
2000;280:H1537–46.

77. Takahashi K, Ghater MA, Lam HC, O’Halloran DJ, Bloom SR. Elevated plasma endothelin 
in patients with diabetes mellitus. Diabetologia. 1990;33:306–50.

78. Metsarinne K, Saijonmaa O, Yki-Jarvinen H, Fyhrquist F.  Insulin increases the release of 
endothelin in endothelial cell cultures in vitro but not in vivo. Metabolism. 1994;43:878–82.

79. Hattori Y, Kasai K, Nakamura T, Emoto T, Shimoda S. Effects of glucose and insulin on 
 immunoreactive endothelin-1 release from cultured porcine aortic endothelial cells. 
Metabolism. 1991;40:165–9.

80. Anfossi G, Cavalot F, Massucco P, Mattiello L, Mularoni E, Hahn A, Trovati M.  Insulin 
influences immunoreactive endothelin release by human vascular smooth muscle cells. 
Metabolism. 1993;42:1081–3.

81. Park K, Mima A, Li Q, Rask-Madsen C, He P, Mizutani K, Katagiri S, Maeda Y, Wu 
I-H, Khamaisi M, Preil SR, Maddaloni E, Sørensen D, Rasmussen LM, Huang PL, King 
GL.  Insulin decreases atherosclerosis by inducing endothelin receptor B expression. JCI 
Insights. 2016;1(6):e86574.

82. Murakoshi N, Miyauchi T, Kakinuma Y, Ohuchi T, Goto K, Yanagisawa M, Yamaguchi 
I. Vascular endothelin-B receptor system in vivo plays a favorable inhibitory role in vascu-
lar remodeling after injury revealed by endothelin-B receptor-knockout mice. Circulation. 
2002;106:1991–8.

83. Sachidanandam K, Portik-Dobos V, Harris AK, Hutchinson JR, Muller E, Johnson MH, Ergul 
A. Evidence for vasculoprotective effects of ETB receptors in resistance artery remodeling in 
diabetes. Diabetes. 2007;56:2753–8.

84. Kohno M, Yokokawa K, Yasunari K, Kano H, Minami M, Yoshikawa J. Effect of the endothe-
lin family of peptides on human coronary artery smooth-muscle cell migration. J Cardiovasc 
Pharmacol. 1998;31(Suppl 1):S84–9.

85. Rodriguez-Vita J, Ruiz-Ortega M, Ruperez M, Esteban V, Sanchez-Lopez E, Plaza JJ, Egido 
J.  Endothelin-1, via ETA receptor and independently of transforming growth factor-beta, 
increases the connective tissue growth factor in vascular smooth muscle cells. Circ Res. 
2005;97:125–34.

86. Lerman A, Webster MW, Chesebro JH, Edwards WD, Wei CM, Fuster V, Burnett JC Jr. 
Circulating and tissue endothelin immunoreactivity in hypercholesterolemic pigs. Circulation. 
1993;88:2923–8.

87. Iwasa S, Fan J, Shimokama T, Nagata M, Watanabe T. Increased immunoreactivity of endo-
thelin- 1 and endothelin B receptor in human atherosclerotic lesions. A possible role in ath-
erogenesis. Atherosclerosis. 1999;146:93–100.

88. Kamata K, Ozawa Y, Kobayashi T, Matsumoto T. Effect of long-term streptozotocin-induced 
diabetes on coronary vasoconstriction in isolated perfused rat heart. J Smooth Muscle Res. 
2008;44:177–88.

89. Matsumoto T, Ozawa Y, Taguchi K, Kobayashi T, Kamata K. Diabetes-associated changes 
and role of N epsilon-(carboxymethyl)lysine in big ET-1-induced coronary vasoconstriction. 
Peptides. 2010;31:346–53.

M. F. Lopes-Virella and G. Virella



291

90. Verma S, Arikawa E, Lee S, Dumont AS, Yao L, McNeill JH. Exaggerated coronary reactivity 
to endothelin-1 in diabetes: reversal with bosentan. Can J Physiol Pharmacol. 2002;80:980–6.

91. Katakam PV, Snipes JA, Tulbert CD, Mayanagi K, Miller AW, Busija DW. Impaired endothelin- 
induced vasoconstriction in coronary arteries of Zucker obese rats is associated with uncou-
pling of [Ca2+]i signaling. Am J Phys Regul Integr Comp Phys. 2006;290:R145–53.

92. Battistini B, Berthiaume N, Kelland NF, Webb DJ, Kohan DE. Profile of past and current 
clinical trials involving endothelin receptor antagonists: the novel “-sentan” class of drug. 
Exp Biol Med. 2006;231:653–95.

93. Lee DL, Wamhoff BR, Katwa LC, Reddy HK, Voelker DJ, Dixon JL, Sturek M. Increased 
endothelin-induced Ca2+ signaling, tyrosine phosphorylation, and coronary artery dis-
ease in diabetic dyslipidemic Swine are prevented by atorvastatin. J Pharmacol Exp Ther. 
2003;306:132–40.

94. Colwell JA, Jokl R. Clotting disorders in diabetes. In: Porte D, Sherwin R, Rifkin H, editors. 
Diabetes mellitus: theory and practice. 5th ed. Norwalk, CT: Appleton and Lange; 1997. 
p. 1543–57.

95. Colwell JA, Winocour PD, Lopes-Virella MF. Platelet function and platelet interactions in 
atherosclerosis and diabetes mellitus. In: Rifkin H, Porte D, editors. Diabetes mellitus: theory 
and practice. New York, NY: Elsevier; 1989. p. 249–56.

96. Uedelhoven WM, Rutzel A, Meese CO, Weber PC. Smoking alters thromboxane metabolism 
in man. Biochim Biophys Acta. 1991;108:197–201.

97. Davi G, Averna M, Catalano I, Barnagallo C, Ganci A, Notarbartolo A, Ciabattoni G, Patrono 
C.  Increased thromboxane biosynthesis in type II a hypercholesterolemia. Circulation. 
1992;85:1792–8.

98. Di Minno G, Davi G, Margaglione M, Cirillo F, Grandone E, Ciabattoni G, Catalano I, 
Strisciuglio P, Andria G, Patrono C. Abnormally high thromboxane biosynthesis in homozy-
gous homocystinuria: evidence for platelet involvement and probucol-sensitive mechanism. 
J Clin Invest. 1993;92:1400–6.

99. Davi G, Gresele P, Violi F, Catalano M, Giammarresi C, Volpato R, Nenci GG, Ciabattoni 
G, Patrono C. Diabetes mellitus, hypercholesterolemia and hypertension, but not vascular 
disease per se, are associated with persistent platelet activation in vivo: evidence derived from 
the study of peripheral arterial disease. Circulation. 1997;96:69–75.

100. Martin W. The combined role of atheroma, cholesterol, platelets, the endothelium and fibrin 
in heart attacks and strokes. Med Hypotheses. 1984;15(3):305–22.

101. Tada M, Kuzuya T, Inoue M, Kodama K, Mishima M, Yamada M, Inui M. H Abe Elevation 
of thromboxane B2 levels in patients with classic and variant angina Pectoris. Circulation. 
1981;64(6):1107–15.

102. Smyth EM.  Thromboxane and the thromboxane receptor in cardiovascular disease. Clin 
Lipidol. 2010;5(2):209–19.

103. Elices MJ, Osborn L, Takada Y, Crouse C, Luhowskyj S, Hemler ME, Lobb RR. VCAM-1 on 
activated endothelium interacts with the leukocyte integrin VLA-4 at a site distinct from the 
VLA-4/fibronectin binding site. Cell. 1990;60(4):577–84.

104. Balaban RS, Nemoto S, Finkel T. Mitochondria, oxidants, and aging. Cell. 2005;120:483–95.
105. Harrison R. Physiological roles of xanthine oxidoreductase. Drug Metab Rev. 2004;36:363–75.
106. Pritchard KA Jr, Inoguchi T, Sportsman JR, Heath WF, Bursell S, King GL.  Heat shock 

protein 90 mediates the balance of nitric oxide and superoxide anion from endothelial nitric- 
oxide synthase. J Biol Chem. 2001;276:17621–4.

107. Shiba T, Inoguchi T, Sportsman JR, Heath WF, Bursell S, King GL. Correlation of diacyl-
glycerol level and protein kinase C activity in rat retina to retinal circulation. Am J Phys. 
1993;265:E783–93.

108. Folcick VA, Nivar-Aristy RA, Krajewski LP, Cathcart MC. Lipoxygenase contributes to the 
oxidation of lipids in human atherosclerotic plaques. J Clin Invest. 1995;96:504–10.

109. Benz D, Mol JM, Ezaki M, Mori-Ito MN, Zelan I, Miyanohara A, Friedmann T, Parthasarathy 
S, Steinberg D, Witztum JL.  Enhanced levels of lipoperoxides in low density lipoprotein 

9 Diabetes and Atherosclerosis



292

incubated with murine fibroblasts expressing high levels of human 15-lipoxygenase. J Biol 
Chem. 1995;270:5191–7.

110. Scheidegger K, Butler JS, Witztum JL. Angiotensin II increases macrophage-mediated mod-
ification of low density lipoprotein via a lipoxygenase-dependent pathway. J Biol Chem. 
1997;272:21609–15.

111. Patricia MK, Natarajan R, Dooley AN, Hernandez F, Gu JL, Berliner JA, Rossi JJ, Nadler 
JL, Meidell RS, Hedrick CC. Adenoviral delivery of a leukocyte-type 12 lipoxygenase ribo-
zyme inhibits effects of glucose and platelet-derived growth factor in vascular endothelial and 
smooth muscle cells. Circ Res. 2001;88:659–65.

112. Patricia MK, Kim JA, Harper CM, Shih PT, Berliner JA, Natarajan R, Nadler JL, Hedrick 
CC. Lipoxygenase products increase monocyte adhesion to human aortic endothelial cells. 
Arterioscler Thromb Vasc Biol. 1999;19:2615–22.

113. Baynes JW, Thorpe SR. Glycoxidation and lipoxidation in atherogenesis. Free Radic Biol 
Med. 2000;28:1708–16.

114. Reglero-Real N, Colom B, Bodkin JV, Nourshargh S. Endothelial cell junctional adhesion 
molecules: role and regulation of expression in inflammation. Arterioscler Thromb Vasc Biol. 
2016;36(10):2048–57.

115. Rollins BJ, Yoshimura T, Leonard EJ, Pober JS.  Cytokine-activated human endothe-
lial cells synthesize and secrete a monocyte chemoattractant, MCP-1/JE.  Am J Pathol. 
1990;136:1229–33.

116. Pober JS, Sessa WC.  Evolving functions of endothelial cells in inflammation. Nat Rev 
Immunol. 2007;7:803–15.

117. Morgan MJ, Liu ZG. Crosstalk of reactive oxygen species and NF-kappaB signaling. Cell 
Res. 2011;21:103–15.

118. Beckman JS, Beckman TW, Chen J, Marshall PA, Freeman BA. Apparent hydroxyl radical 
production by peroxynitrite: implications for endothelial injury from nitric oxide and super-
oxide. Proc Natl Acad Sci U S A. 1990;87:1620–4.

119. Carter AM, Grant PJ. Vascular homeostasis, adhesion molecules, and macrovascular disease 
in non-insulin dependent diabetes mellitus. Diabet Med. 1997;14:423–32.

120. De Meyer GR, Herman AG.  Vascular endothelial dysfunction. Prog Cardiovasc Dis. 
1997;39:325–42.

121. O’Brien KD, Allen MD, McDonald TO, Chait A, Harlan JM, Fishbein D, McCarty J, 
Ferguson M, Hudkins K, Benjamin CD. Vascular cell adhesion molecule-1 is expressed in 
human coronary atherosclerotic plaques. J Clin Invest. 1993;92:945–51.

122. Davies MJ, Gordon JL, Gearing AJ, Pigott R, Woolf N, Katz D, Kyriakopoulos A.  The 
expression of the adhesion molecules ICAM-1, VCAM-1, PECAM, and E-selectin in human 
atherosclerosis. J Pathol. 1993;171:223–9.

123. Poston RN, Haskard DO, Croucher JR, Gall NP, Johnson-Tidey RR. Expression of intercel-
lular adhesion molecule-1 in atherosclerotic plaques. Am J Pathol. 1992;140:665–73.

124. Hunt KJ, Baker NL, Cleary PA, Klein R, Virella G, Lopes-Virella MF. DCCT/EDIC Group of 
Investigators. Longitudinal association between endothelial dysfunction, inflammation, and 
clotting biomarkers with subclinical atherosclerosis in type 1 diabetes: an evaluation of the 
DCCT/EDIC cohort. Diabetes Care. 2025;38:1281–9.

125. Pigott R, Dillon LP, Hemingway IH. Soluble forms of E-selectin, ICAM-1 and VCAM-1 are 
present in the supernatants of cytokine activated cultured endothelial cells. Biochem Biophys 
Res Commun. 1992;187:584–9.

126. Gearing AJH, Hemingway I, Pigott R, Hughes J, Rees AJ, Cashman SJ. Soluble forms of 
vascular adhesion molecules, E-selectin, ICAM-1 and VCAM-1: pathological significance. 
Ann NY Acad Sci. 1992;667:324–31.

127. Lampeter ER, Kishimoto TK, Rothlein R, Mainolfi EA, Bertrams J, Kolb H, Martin 
S. Elevated levels of circulating adhesion molecules in IDDM patients and in subjects at risk 
for IDDM. Diabetes. 1992;41:1668–71.

128. Steiner M, Reinhardt KM, Krammer B, Ernst B, Blann AD. Increased levels of soluble adhe-
sion molecules in type 2 (non-insulin dependent) diabetes mellitus are independent of glyce-
mic control. Thromb Haemost. 1994;72:979–84.

M. F. Lopes-Virella and G. Virella



293

129. Otsuki M, Hashimoto K, Morimoto Y, Kishimoto T, Kasayama S.  Circulating vascu-
lar cell adhesion molecule-1 (VCAM-1) in atherosclerotic NIDDM patients. Diabetes. 
1997;46:2096–101.

130. Kowalska I, Straczkowski M, Szelachowska M, Kinalska I, Prokop J, Bachorzewska- 
Gajewska H, Stepien A. Circulating E-selectin, vascular cell adhesion molecule-1, and inter-
cellular adhesion molecule-1 in men with coronary artery disease assessed by angiography 
and disturbances of carbohydrate metabolism. Metabolism. 2002;51:733–6.

131. Matsumoto K, Sera Y, Ueki Y, Inukai G, Niiro E, Miyake S. Comparison of serum concen-
trations of soluble adhesion molecules in diabetic microangiopathy and macroangiopathy. 
Diabet Med. 2002;19:822–6.

132. Jude EB, Douglas JT, Anderson SG, Young MJ, Boulton AJ. Circulating cellular adhesion 
molecules ICAM-1, VCAM-1, P-and E-selectin in the prediction of cardiovascular disease in 
diabetes mellitus. Eur J Intern Med. 2002;13:185–9.

133. Koyama H, Maeno T, Fukumoto S, Shoji T, Yamane T, Yokoyama H, Emoto M, Shoji T, 
Tahara H, Inaba M, Hino M, Shioi A, Miki T, Nishizawa Y. Platelet P-selectin expression 
is associated with atherosclerotic wall thickness in carotid artery in humans. Circulation. 
2003;108:524–9.

134. Libby P, Ordovas JM, Auger KR, Robbins AH, Birinyi LK, Dinarello CA. Endotoxin and 
tumor necrosis factor induce interleukin-1 gene expression in adult human vascular endothe-
lial cells. Am J Pathol. 1986;124:179–85.

135. Hansson GK.  Immune mechanisms in atherosclerosis. Arterioscler Thromb Vasc Biol. 
2001;21:1876–90.

136. Hasturk H, Abdallah R, Kantarci A, Nguyen D, Giordano N, Hamilton J, Van Dyke 
TE. Resolvin E1 (RvE1) attenuates atherosclerotic plaque formation in diet and inflammation- 
induced atherogenesis. Arterioscler Thromb Vasc Biol. 2015;35:1123–33.

137. Vlassara H, Fuh H, Donnelly T, Cybulsky M.  Advanced glycation endproducts promote 
adhesion molecule (VCAM-1, ICAM01) expression and atheroma formation in normal rab-
bits. Mol Med. 1995;1:447–56.

138. Virella G, Munoz Jose F, Galbraith Gillian MP, Gisinger C, Chassereau C, Virella 
MF. Activation of human monocyte-derived macrophages by immune complexes containing 
low density lipoprotein. Clin Immunol Immunopathol. 1995;75:179–89.

139. Wong BW, Wong D, McManus BM.  Characterization of fractalkine (CX3CL1) and 
CX3CR1 in human coronary arteries with native atherosclerosis, diabetes mellitus, and trans-
plant vascular disease. Cardiovasc Pathol. 2022;11:332–8.

140. Beekhuizen H, van Furth R. Monocyte adherence to human vascular endothelium. Leukoc 
Biol. 1993;54:363–78.

141. Pohlman TH, Staness KA, Beatty PG, Oehs HD, Harlan JM.  An endothelial cell surface 
factor(s) induced in  vitro by lipopolysaccharide, interleukin 1, and tumor necrosis fac-
tor a increases neutrophil adherence by a CDw18-dependent mechanism. J Immunol. 
1986;136:4548–53.

142. Resnick N, Collins T, Atkinson W, Bonthron DT, Dewey CF, Gimbrone MA. Platelet-derived 
growth factor B chain promoter contains a cis-acting fluid shear-stress responsive element. 
Proc Natl Acad Sci U S A. 1993;90:4591–5.

143. Davis ME, Grumbach IM, Fukai T, Cutchins A, Harrison DG. Shear stress regulates endo-
thelial nitric-oxide synthase promoter activity through nuclear factor kappa B binding. J Biol 
Chem. 2004;279:163–8.

144. Korenaga R, Ando J, Kosaki K, Isshiki M, Takada Y, Kamiya A. Negative transcriptional 
regulation of theVCAM-1 gene by fluid shear stress in murine endothelial cells. Am J Phys. 
1997;273:C1506–15.

145. Parmar KM, Larman HB, Dai G, Zhang Y, Wang ET, Moorthy SN, Kratz JR, Lin Z, Jain MK, 
Gimbrone MA, García-Cardeña G. Integration of flow-dependent endothelial phenotypes by 
Kruppel-like factor 2. J Clin Invest. 2006;116:49–58.

146. Atkins GB, Simon DI.  Interplay between NF-κB and Kruppel-like factors in vascular 
inflammation and atherosclerosis: location, location, location. J Am Heart Assoc. 2013;2: 
e000290.

9 Diabetes and Atherosclerosis



294

147. Ohno M, Cooke JP, Dzau VJ, Gibbons GH.  Fluid shear stress induces endothelial trans-
forming growth factor beta-1 transcription and production. Modulation by potassium channel 
blockade. J Clin Invest. 1995;95:1363–9.

148. Le NT, Takei Y, Izawa-Ishizawa Y, Heo KS, Lee H, Smrcka AV, Miller BL, Ko KA, Ture S, 
Morrell C, Fujiwara K, Akaike M, Abe J. Identification of activators of ERK5 transcriptional 
activity by high-throughput screening and the role of endothelial ERK5  in vasoprotective 
effects induced by statins and antimalarial agents. J Immunol. 2014;193:3803–15.

149. Ohnesorge N, Viemann D, Schmidt N, Czymai T, Spiering D, Schmolke M, Ludwig S, Roth 
J, Goebeler M, Schmidt M. Erk5 activation elicits a vasoprotective endothelial phenotype via 
induction of Kruppel-like factor 4 (KLF4). J Biol Chem. 2010;285:26199–210.

150. Dai G, Vaughn S, Zhang Y, Wang ET, Garcia-Cardena G, Gimbrone MA. Biomechanical 
forces in atherosclerosis resistant vascular regions regulate endothelial redox balance via 
phosphoinositol 3-kinase/Akt-dependent activation of Nrf2. Circ Res. 2007;101:723–33.

151. Hsieh CY, Hsiao HY, Wu WY, Liu CA, Tsai YC, Chao YJ, Wang DL, Hsieh HJ. Regulation 
of shear-induce nuclear translocation of the Nrf2 transcription factor in endothelial cells. J 
Biomed Sci. 2009;16(1):12.

152. Blagovic K, Kim LY, Voldman J. Microfluidic perfusion for regulating diffusible signaling in 
stem cells. PLoS One. 2011;6:e22892.

153. Fledderus JO, Boon RA, Volger OL, Hurttila H, Ylä-Herttuala S, Pannekoek H, Levonen 
AL, Horrevoets AJ. KLF2 primes the antioxidant transcription factor Nrf2 for activation in 
endothelial cells. Arterioscler Thromb Vasc Biol. 2008;28:1339–46.

154. Boon RA, Horrevoets AJ. Key transcriptional regulators of the vasoprotective effects of shear 
stress. Hamostaseologie. 2009;29:39–40, 41–3.

155. Parmar KM, Nambudiri V, Dai G, Larman HB, Gimbrone MA, García-Cardeña G. Statins 
exert endothelial atheroprotective effects via the KLF2 transcription factor. J Biol Chem. 
2005;280:26714–9.

156. Sen-Banerjee S, Mir S, Lin Z, Hamik A, Atkins GB, Das H, Banerjee P, Kumar A, Jain 
MK. Kruppel-like factor 2 as a novel mediator of statin effects in endothelial cells. Circulation. 
2005;112:720–6.

157. Atkins GB, Wang Y, Mahabeleshwar GH, Shi H, Gao H, Kawanami D, Natesan V, Lin Z, 
Simon DI, Jain MK. Hemizygous deficiency of Krüppel-like factor 2 augments experimental 
atherosclerosis. Circ Res. 2008;103:690–3.

158. Schober A, Nazari-Jahantigh M, Weber C. MicroRNA mediated mechanisms of the cellular 
stress response in atherosclerosis. Nat Rev Cardiol. 2015;12:361–74.

159. Yan MS, Marsden PA. Epigenetics in the vascular endothelium: looking from a different per-
spective in the epigenomics era. Arterioscler Thromb Vasc Biol. 2015;35:2297–306.

160. Fang Y, Shi C, Manduchi E, Civelek M, Davies PF. MicroRNA-10a regulation of proinflam-
matory phenotype in athero-susceptible endothelium in vivo and in vitro. Proc Natl Acad Sci 
U S A. 2010;107:13450–5.

161. Qin X, Wang X, Wang Y, Tang Z, Cui Q, Xi J, Li YS, Chien S, Wang N. MicroRNA-19a medi-
ates the suppressive effect of laminar flow on cyclin D1 expression in human umbilical vein 
endothelial cells. Proc Natl Acad Sci U S A. 2010;107:3240–4.

162. Wang KC, Nguyen P, Weiss A, Yeh YT, Chien HS, Lee A, Teng D, Subramaniam S, Li YS, 
Chien S.  MicroRNA-23b regulates cyclin-dependent kinase-activating kinase complex 
through cyclin H repression to modulate endothelial transcription and growth under flow. 
Arterioscler Thromb Vasc Biol. 2014;34:1437–45.

163. Chen K, Fan W, Wang X, Ke X, Wu G, Hu C. MicroRNA-101 mediates the suppressive effect 
of laminar shear stress on mTOR expression in vascular endothelial cells. Biochem Biophys 
Res Commun. 2012;427:138–42.

164. Wu W, Xiao H, Laguna-Fernandez A, Villarreal G, Wang KC, Geary GG, Zhang Y, Wang 
WC, Huang HD, Zhou J, Li YS, Chien S, Garcia-Cardena G, Shyy JY. Flow dependent regu-
lation of Kruppel-like factor 2 is mediated by microRNA-92a. Circulation. 2011;124:633–41.

165. Fan W, Fang R, Wu X, Liu J, Feng M, Dai G, Chen G, Wu G. Shear-sensitive microRNA-34a 
modulates flow-dependent regulation of endothelial inflammation. J Cell Sci. 2015;128:70–80.

M. F. Lopes-Virella and G. Virella



295

166. Fang Y, Davies PF. Site-specific microRNA-92a regulation of Kruppel-like factors 4 and 2 in 
atherosusceptible endothelium. Arterioscler Thromb Vasc Biol. 2012;32:979–87.

167. Loyer X, Potteaux S, Vion AC, Guérin CL, Boulkroun S, Rautou PE, Ramkhelawon 
B, Esposito B, Dalloz M, Paul JL, Julia P, Maccario J, Boulanger CM, Mallat Z, Tedgui 
A. Inhibition of microRNA-92a prevents endothelial dysfunction and atherosclerosis in mice. 
Circ Res. 2014;114:434–43.

168. Hergenreider E, Heydt S, Tréguer K, Boettger T, Horrevoets AJ, Zeiher AM, Scheffer MP, 
Frangakis AS, Yin X, Mayr M, Braun T, Urbich C, Boon RA, Dimmeler S. Atheroprotective 
communication between endothelial cells and smooth muscle cells through miRNAs. Nat 
Cell Biol. 2012;14:249–56.

169. Fish JE, Santoro MM, Morton SU, Yu S, Yeh RF, Wythe JD, Ivey KN, Bruneau BG, Stainier 
DYR, Srivastava D. miR-126 regulates angiogenic signaling and vascular integrity. Dev Cell. 
2008;15:272–84.

170. Agrawal S, Chaqour B.  MicroRNA signature and function in retinal neovascularization. 
World J Biol Chem. 2014;5:1–11.

171. Zampetaki A, Kiechl S, Drozdov I, Willeit P, Mayr U, Prokopi M, Mayr A, Weger S, 
Oberhollenzer F, Bonora E, Shah A, Willeit J, Mayr M.  Plasma microRNA profiling 
reveals loss of endothelial miR-126 and other microRNAs in type 2 diabetes. Circ Res. 
2010;107:810–7.

172. La Sala L, Mrakic-Sposta SM, Prattichizzo F, Ceriello A. Glucose-sensing microRNA-21 
disrupts ROS homeostasis and impairs antioxidant responses in cellular glucose variability. 
Cardiovasc Diabetol. 2018;17(1):105.

173. Taganov KD, Boldin MP, Chang KJ, Baltimore D.  NF-kappaB-dependent induction of 
microRNAmiR-146, an inhibitor targeted to signaling proteins of innate immune responses. 
Proc Natl Acad Sci U S A. 2006;103:12481–6.

174. Wang HJ, Huang YL, Shih YY, et  al. MicroRNA-146a decreases high glucose/thrombin- 
induced endothelial inflammation by inhibiting. NAPDH oxidase 4 expression. Mediat 
Inflamm. 2014;2014:379537.

175. Brennan E, Wang B, McClelland A, Mohan M, Marai M, Beuscart O, Derouiche S, 
Gray S, Pickering R, Tikellis C, de Gaetano M, Barry M, Belton O, Ali-Shah ST, Guiry 
P, Jandeleit-Dahm KAM, Cooper ME, Godson C, Kantharidis P. Protective effect of let-7 
miRNA family in regulating inflammation in diabetes-associated atherosclerosis. Diabetes. 
2017;66(8):2266–77.

176. Dixon JL, Stoops JD, Parker JL, Laughlin MH, Weisman GA, Sturek M. Dyslipidemia and 
vascular dysfunction in diabetic pigs fed an atherogenic diet. Arterioscler Thromb Vasc Biol. 
1999;19:2981–92.

177. Renard CB, Suzuki LA, Kramer F, Tannock LR, von Herrath MG, Chait A, Bornfeldt KE. A 
new murine model of diabetes-accelerated atherosclerosis. Diabetes. 2002;51(Suppl 2):724.

178. Simionescu MD, Popov A, Hasu SM, Costache G, Faitar S, Vulpanovici A, Stancu C, Stern D, 
Simionescu N. Pathobiochemistry of combined diabetes and atherosclerosis studied on a novel 
animal model. The hyperlipemic-hyperglycemic hamster. Am J Pathol. 1996;148:997–1014.

179. McGill HC Jr, McMahan CA, Malcom GT, Oalmann MC, Strong JP.  Relation of glyco-
hemoglobin and adiposity to atherosclerosis in youth. Pathobiological Determinants 
of Atherosclerosis in Youth (PDAY) Research Group. Arterioscler Thromb Vasc Biol. 
1995;15:431–40.

180. McGill HC Jr, McMahan CA, Zieske AW, Malcom GT, Tracy RE, Strong JP.  Effects of 
non-lipid risk factors on atherosclerosis in youth with a favorable lipid profile. Circulation. 
2001;103:1546–50.

181. Jarvisalo MJ, Putto-Laurila A, Jartti L, Lehtimaki T, Solakivi T, Ronnemaa T, Raitakari 
OT.  Carotid artery intima-media thickness in children with type 1 diabetes. Diabetes. 
2002;51:493–8.

182. Griffith RL, Virella GT, Stevenson HC, Lopes-Virella MF. LDL metabolism by macrophages 
activated with LDL immune complexes: a possible mechanism of foam cell formation. J Exp 
Med. 1988;168:1041–59.

9 Diabetes and Atherosclerosis



296

183. Lopes-Virella MF, Griffith RL, Shunk KA, Virella GT. Enhanced uptake and impaired intra-
cellular metabolism of low density lipoprotein complexed with anti-low density lipoprotein 
antibodies. Arterioscler Thromb. 1991;11:1356–67.

184. Laakso M, Pyorala K. Lipid and lipoprotein abnormalities in diabetic patients with peripheral 
vascular disease. Atherosclerosis. 1988;74:55–63.

185. Lopes-Virella MF, Stone PG, Colwell JA.  Serum high density lipoprotein in diabetes. 
Diabetologia. 1977;13:285–91.

186. Lopes-Virella MF, Wohltmann HJ, Mayfield RK, Laodholt CB, Colwell JA. Effect of meta-
bolic control on lipid, lipoprotein and apolipoprotein levels in 55 insulin-dependent diabetic 
patients: a longitudinal study. Diabetes. 1983;32:20–5.

187. Reaven GM, Javorski WC, Reaven EP.  Diabetic hypertriglyceridemia. Am J Med Sci. 
1975;269:382–9.

188. Uusitupa MI, Niskanen LK, Siitonen O, Voutilainen E, Pyorala K. 5-year incidence of ath-
erosclerotic vascular disease in relation of general risk factors, insulin level, and abnormali-
ties in lipoprotein composition in non-insulin-dependent diabetic and nondiabetic subjects. 
Circulation. 1990;82:27–36.

189. Nikilla EA. High density lipoproteins in diabetes. Diabetes. 1981;30:82–7.
190. Semenkovich CF, Ostlund RE Jr, Schechtman KB. Plasma lipids in patients with type I dia-

betes mellitus: influence of race, gender and plasma glucose control: lipids do not correlate 
with glucose control in black women. Arch Intern Med. 1989;149:51–6.

191. Klein RL, Lyons TJ, Lopes-Virella MF. Metabolism of very low and low density lipoproteins 
isolated from normolipidaemic type II (non-insulin dependent) diabetic patients by human 
monocyte-derived macrophages. Diabetologia. 1990;33:299–305.

192. Klein RL, Lyons TJ, Lopes-Virella MF. Interaction of VLDL isolated from type I diabetic 
subjects with human monocyte-derived macrophages. Metabolism. 1989;38:1108–14.

193. Lopes-Virella MF, Sherer GK, Lees AM, Wohtmann MR, Sagel J, LeRoy EC, Colwell 
JA. Surface binding, internalization and degradation by cultured human fibroblasts of low 
density lipoproteins isolated from type I (insulin-dependent) diabetic patients: changes with 
metabolic control. Diabetologia. 1982;22:430–6.

194. Hiramatsu K, Bierman EL, Chair A. Metabolism of LDL from patients with diabetic hyper-
triglyceridemia by cultured human skin fibroblasts. Diabetes. 1985;34:8–14.

195. Bagdade JD, Subbaiah PV. Whole-plasma and high-density lipoprotein subfraction surface 
lipid composition in IDDM men. Diabetes. 1989;38:1226–30.

196. Bagdade JD, Buchanan WE, Kuusi T, Taskinen MR. Persistent abnormalities in lipoprotein 
composition in non-insulin dependent diabetes after intensive insulin therapy. Arteriosclerosis. 
1990;10:232–9.

197. James RW, Pometta D. The distribution profiles of very low and low density lipoproteins 
in poorly controlled male, type II (non-insulin dependent) diabetic patients. Diabetologia. 
1991;34:246–52.

198. James RW, Pometta D. Differences in lipoprotein subfraction composition and distribution 
between type I diabetic men and control subjects. Diabetes. 1990;39:1158–64.

199. Stein Y, Glangeaud MC, Fainaru M, Stein O. The removal of cholesterol from aortic smooth 
muscle cells in culture and Landschutz ascites cell fractions of human high density apopro-
teins. Biochim Biophys Acta. 1975;380:106–18.

200. Fielding DF, Reaven GM, Fielding PE. Human non-insulin dependent diabetes: identifica-
tion of a defect in plasma cholesterol transport normalized in vivo by insulin and in vitro by 
immunoabsorption of apolipoprotein E. Proc Natl Acad Sci U S A. 1982;79:6365–9.

201. Fielding CJ, Reaven GM, Liu G, Fielding PE. Increased free cholesterol in plasma low and 
very low density lipoproteins in non-insulin dependent diabetes mellitus: its role in the inhibi-
tion of cholesteryl ester transfer. Proc Natl Acad Sci U S A. 1984;81:2512–6.

202. Biesbroeck RC, Albers JJ, Wahl PW, Weinberg CR. Abnormal composition of high-density 
lipoproteins in non-insulin dependent diabetics. Diabetes. 1982;31:126–31.

203. Uusitupa M, Siitonen O, Voutilainen E, Aro A, Hersio K, Pyorala K, Penttila I, Ehnholm 
C. Serum lipids and lipoproteins in newly diagnosed non-insulin dependent (type II) diabetic 

M. F. Lopes-Virella and G. Virella



297

patients, with special reference to factors influencing HDL-cholesterol and triglyceride lev-
els. Diabetes Care. 1986;9:17–22.

204. Ronnemaa T, Laakso M, Kallio V, Pyorala K, Marniemi J, Puukka P. Serum lipids, lipopro-
teins, and apolipoproteins and the excessive occurrence of coronary heart disease in non- 
insulin- dependent diabetic patients. Am J Epidemiol. 1989;130:632–45.

205. Ledl F, Schleicher E. New aspects of the Maillard reaction in foods and in the human body. 
Angew Chem Int Ed Eng. 1990;29:565–94.

206. Fu M-X, Wells-Knecht KJ, Blackledge JA, Lyons TJ, Thorpe ST, Baynes JW.  Glycation, 
glycoxidation and cross-linking of collagen by glucose. Kinetics, mechanisms and inhibition 
of late stages. Diabetes. 1994;43:676–83.

207. Fu MX, Requena JR, Jenkins AJ, Lyons TJ, Baynes JW, Thorpe SR. The advanced glycation 
end-product, N (carboxymethyl) lysine (CML), is a product of both lipid peroxidation and 
glycoxidation reactions. J Biol Chem. 1996;271:9982–6.

208. Requena JR, Fu MX, Ahmed MU, Jenkins AJ, Lyons TJ, Baynes JW, Thorpe SR. Quantitation 
of malondialdehyde and 4-hydroxynonenal adducts to lysine residues in native and oxidized 
human LDL. Biochem J. 1997;322:317–25.

209. Schleicher E, Deufel T, Wieland OH. Non-enzymatic glycation of human serum lipoproteins. 
FEBS Lett. 1987;129:1–4.

210. Lyons TJ, Patrick JS, Baynes JW, Colwell JA, Lopes-Virella MF. Glycation of low density 
lipoprotein in patients with type 1 diabetes: correlations with other parameters of glycemic 
control. Diabetologia. 1986;29:685–9.

211. Pietri A, Dunn FL, Raskin P. The effect of improved diabetic control on plasma lipid and 
lipoprotein levels. A comparison of conventional therapy and subcutaneous insulin infusion. 
Diabetes. 1980;29:1001–5.

212. Abrams JJ, Ginsberg H, Grundy SM. Metabolism of cholesterol and plasma triglycerides in 
nonketotic diabetes mellitus. Diabetes. 1982;31:903–10.

213. Sasaki J, Cottam GL. Glycation of LDL decreases its ability to interact with high-affinity 
receptors of human fibroblasts in vitro and decreases its clearance from rabbit plasma in vivo. 
Biochim Biophys Acta. 1982;713:199–207.

214. Steinbrecher UP, Witztum JL. Glucosylation of low density lipoproteins to an extent compa-
rable to that seen in diabetes slows their catabolism. Diabetes. 1984;33:130–4.

215. Lopes-Virella MF, Klein RL, Lyons TJ, Stevenson HC, Witztum JL. Glycation of low-density 
lipoprotein enhances cholesteryl ester synthesis in human monocyte-derived macrophages. 
Diabetes. 1988;37:550–7.

216. Klein RL, Laimins M, Lopes-Virella MF. Isolation, characterization and metabolism of the 
glycated and non-glycated subfractions of low density lipoproteins isolated from type I dia-
betic patients and non-diabetic subjects. Diabetes. 1995;44:1093–8.

217. Watanabe J, Wohltmann HJ, Klein RL, Colwell JA, Lopes-Virella MF. Enhancement of plate-
let aggregation by low density lipoproteins from IDDM patients. Diabetes. 1988;37:1652–7.

218. Bucala R, Makita Z, Koschinsky T, Cerami, Vlassara H. Lipid advanced glycosylation: path-
way for lipid oxidation in vivo. Proc Natl Acad Sci U S A. 1993;90:6434–8.

219. Kawamura M, Heinecke JW, Chait A.  Pathophysiological concentrations of glucose pro-
mote oxidative modification of LDL by a superoxide-dependent pathway. J Clin Invest. 
1994;94:771–8.

220. Mullarkey CJ, Edelstein D, Brownlee M. Free radical generation by early glycation products: 
a mechanism for accelerated atherogenesis in diabetes. Biochem Biophys Res Commun. 
1990;173:932–9.

221. Brownlee M, Vlassara H, Cerami A. Nonenzymatic glycosylation products on collagen cova-
lently trap low-density lipoprotein. Diabetes. 1985;34:938–41.

222. Tsai EC, Hirsch IB, Brunzell JD, Chait A. Reduced plasma peroxyl radical trapping capac-
ity and increased susceptibility of LDL to oxidation in poorly controlled IDDM. Diabetes. 
1994;43(8):1010–4.

223. Jenkins AJ, Klein RL, Chassereau CH, Hermayer KL, Lopes-Virella MF. LDL from Patients 
with Well Controlled IDDM is not More Susceptible to In Vitro Oxidation. Diabetes. 
1996;45:762–7.

9 Diabetes and Atherosclerosis



298

224. Haberland ME, Fong D, Cheng L. Malondialdehyde-altered protein occurs in atheroma of 
Watanabe heritable hyperlipidemic rabbits. Science. 1988;241:215–8.

225. Rosenfeld ME, Palinski W, Yla-Herttula S, Butler S, Witztum JL.  Distribution of oxida-
tion specific lipid-protein adducts and apolipoprotein B in atherosclerotic lesions of varying 
severity from WHHL rabbits. Arteriosclerosis. 1990;10:336–49.

226. Carew TE, Schwenke DC, Steinberg D. Antiatherogenic effect of probucol unrelated to its 
hypocholesterolemic effect: evidence that antioxidants in  vivo can selectively inhibit low 
density lipoprotein degradation in macrophage-rich fatty streaks and slow the progression 
of atherosclerosis in the Watanabe heritable hyperlipidemic rabbit. Proc Natl Acad Sci U S 
A. 1987;84:7725–9.

227. Palinski W, Koschinsky T, Butler S, Miller E, Vlassara H, Cerami A, Witztum 
JL. Immunological evidence for the presence of AGE in atherosclerotic lesions of euglycemic 
rabbits. Arterioscler Thromb Vasc Biol. 1995;15:571–82.

228. Bucciarelli LG, Wendt T, Qu W, Lu Y, Lalla E, Rong LL, Goova MT, Moser B, Kislinger T, 
Lee DC, Kashyap Y, Stern DM, Schmidt AM. RAGE blockade stabilizes established athero-
sclerosis in diabetic apolipoprotein E-null mice. Circulation. 2002;106:2827–35.

229. Sakaguchi T, Yan SF, Yan SD, Belov D, Rong LL, Sousa M, Andrassy M, Marso SP, Duda S, 
Arnold B, Liliensiek B, Nawroth PP, Stern DM, Schmidt AM, Naka Y. Central role of RAGE- 
dependent neointimal expansion in arterial restenosis. J Clin Invest. 2003;111:959–72.

230. Regnstrom J, Nilsson J, Tornvall P, Landou C, Hamsten A. Susceptibility to LDL oxidation 
and coronary atherosclerosis in man. Lancet. 1991;339:1183–6.

231. Chiu HC, Jeng JR, Shieh SM.  Increased oxidizability of plasma LDL from patients with 
coronary heart disease. Biochim Biophys Acta. 1994;225:200–8.

232. Andrews B, Burnand K, Paganga G, Browse N, Rice-Evans C, Sommerville K, Leake D, 
Taub N.  Oxidizability of LDL in patients with carotid or femoral artery atherosclerosis. 
Atherosclerosis. 1995;112:77–84.

233. Penn MS, Chisolm GM.  Oxidized lipoproteins, altered cell function and atherosclerosis. 
Atherosclerosis. 1994;108:S21–9.

234. Nagano Y, Arai H, Kita T.  High density lipoprotein loses its effect to stimulate efflux 
of cholesterol from foam cells after oxidative modification. Proc Natl Acad Sci U S 
A. 1991;88:6457–61.

235. Bowry VW, Stanley KK, Stocker R. High density lipoprotein is the major carrier of lipid 
hydroperoxides in human blood plasma from fasting donors. Proc Natl Acad Sci U S 
A. 1992;89:10316–20.

236. Requena JR, Ahmed MU, Fountain CW, Degenhardt TP, Reddy S, Perez C, Lyons TJ, Jenkins 
AJ, Baynes JW, Thorpe SR. N-(carboxymethyl) ethanolamine: a biomarker of phospholipid 
modification by the Maillard Reaction in vivo. J Biol Chem. 1997;272:17473–9.

237. Pushkarsky T, Rourke L, Spiegel LA, Seldin MF, Bucala R. Molecular characterization of a 
mouse genomic element mobilized by advanced glycation endproduct modified-DNA (AGE- 
DNA). Mol Med. 1997;3:740–9.

238. Que X, Hung M-Y, Yeang C, Gonen A, Prohaska TA, Sun X, Diehl C, Mååttå A, Gaddis 
DE, Bowden K, Pattison J, MacDonald JG, Ylä-Herttuala S, Mellon PL, Hedrick CC, Ley 
K, Miller YI, Glass CK, Peterson KL, Binder CJ, Tsimikas S, Witztum JL. Oxidized phos-
pholipids are proinflammatory and proatherogenic in hypercholesterolaemic mice. Nature. 
2018;558(7709):301–6.

239. Kiechl S, Willeit J, Mayr M, Viehweider B, Oberhollenzer M, Kronenberg F, Wiederman 
C, Oberthaker S, Xu Q, Wiztum JL, Tsimikas S.  Oxidized phospholipids, lipoprotein(a), 
Lipoprotein-associated phospholipase activity, and 10-year cardiovascular outcomes: pro-
spective results from the Bruneck study. Arterioscler Thromb Vasc Biol. 2007;27:1788–95.

240. Tsimikas S, Kiechl S, Willeit J, Mayr M, Miller ER, Kronenberg F, Xu Q, Bergmark K, 
Weger S, Oberhollenzer F, Witzum JL. Oxidized phospholipids predict the presence and pro-
gression of carotid and femoral atherosclerosis and symptomatic cardiovascular disease. J 
Am Coll Cardiol. 2006;47(11):2219–28.

M. F. Lopes-Virella and G. Virella



299

241. Virella G, Wilson K, Elkes J, Hammad SM, Rajab HA, Li Y, Chassereau C, Huang Y, Lopes- 
Virella M. Immune complexes containing malondialdehyde (MDA) LDL induce apoptosis in 
human macrophages. Clin Immunol. 2018;187:1–9.

242. Shu H, Peng Y, Hang W, Nie J, Zhou N, Wang DW. The role of CD36 in cardiovascular dis-
ease. Cardiovasc Res. 2022;118:115.

243. Yao S, Tian H, Miao C, Zhang D-W, Zhao L, Li Y, Yang N, Jiao P, Sang H, Guo S, Wang Y, 
Qin S. D4F alleviates macrophage-derived foam cell apoptosis by inhibiting CD36 expres-
sion and ER stress-CHP pathway. J Lipid Res. 2015;56(4):836–47.

244. Palinski W, Yla-Herttuala S, Rosenfeld ME, Butler SW, Socher SA, Parthasarathy S, Curtiss 
LK, Witztum JL. Antisera and monoclonal antibodies specific for epitopes generated during 
oxidative modification of low-density lipoprotein. Arteriosclerosis. 1990;10:325–35.

245. Salonen JT, Yla-Herttuala S, Yamamoto R, Butler S, Korpela H, Salonen R, Nyyssonen K, 
Palinski W, Witztum JL. Autoantibody against oxidised LDL and progression of carotid ath-
erosclerosis. Lancet. 1992;339:883–7.

246. Lehtimaki T, Lehtinen S, Solakivi T, Nikkila M, Jaakkola O, Jokela H, Yla-Herttuala S, 
Luoma JS, Koivula T, Nikkari T. Autoantibodies against oxidized low density lipoprotein 
in patients with angiographically verified coronary artery disease. Arterioscler Thromb Vasc 
Biol. 1999;19:23–7.

247. Erkkilä AT, Närvänen O, Lehto S, Uusitupa MIJ, Ylä-Herttuala S. Autoantibodies against 
oxidized low-density lipoprotein and cardiolipin in patients with coronary heart disease. 
Arterioscler Thromb Vasc Biol. 2000;20:204–9.

248. Bellomo G, Maggi E, Poli M, Agosta FG, Bollati P, Finardi G. Autoantibodies against oxida-
tively modified low-density lipoproteins in NIDDM. Diabetes. 1995;44:60–6.

249. Virella G, Virella I, Leman RB, Pryor MB, Lopes-Virella MF.  Anti-oxidized low-density 
lipoprotein antibodies in patients with coronary heart disease and normal healthy volunteers. 
Int J Clin Lab Res. 1993;23:95–101.

250. Boullier A, Hamon M, Walters-Laporte E, Martin-Nizart F, Mackereel R, Fruchart JC, 
Bertrand M, Duriez P. Detection of autoantibodies against oxidized low-density lipoproteins 
and of IgG-bound low density lipoproteins in patients with corocnary artery disease. Clin 
Chim Acta. 1995;238:1–10.

251. Leinonen JS, Rantalaiho V, Laippala P, Wirta O, Pasternack A, Alho H, Jaakkola O, Yla- 
Herttuala S, Koivula T, Lehtimaki T. The level of autoantibodies against oxidized LDL is not 
associated with the presence of coronary heart disease or diabetic kidney disease in patients 
with non-insulin-dependent diabetes mellitus. Free Radic Res. 1998;29:137–41.

252. Festa A, Kopp HP, Schernthaner G, Menzel EJ. Autoantibodies to oxidised low density lipo-
proteins in IDDM are inversely related to metabolic control and microvascular complica-
tions. Diabetologia. 1998;41:350–6.

253. Lopes-Virella MF, Virella G, Orchard TJ, Koskinen S, Evans RW, Becker DJ, Forrest 
KY. Antibodies to oxidized LDL and LDL-containing immune complexes as risk factors for 
coronary artery disease in diabetes mellitus. Clin Immunol. 1999;90:165–72.

254. Hulthe J, Wiklund O, Hurt-Camejo E, Bondjers G. Antibodies to oxidized LDL in relation 
to carotid atherosclerosis, cell adhesion molecules, and phospholipase A(2). Arterioscler 
Thromb Vasc Biol. 2001;21:269–74.

255. Shaw PX, Horkko S, Chang MK, Curtiss L, Palinski W, Silverman GJ, Witztum JL. Natural 
antibodies with the T15 idiotype may act in atherosclerosis, apoptotic clearance, and protec-
tive immunity. J Clin Invest. 2000;105:1731–40.

256. Palinski W, Witztum JL. Immune responses to oxidative neoepitopes on LDL and phospho-
lipids modulate the development of atherosclerosis. J Intern Med. 2000;247:371–80.

257. Hansson GK.  Vaccination against atherosclerosis: science or fiction? Circulation. 
2002;106:1599–601.

258. Virella G, Koskinen S, Krings G, Onorato JM, Thorpe SR, Lopes-Virella M. Immunochemical 
characterization of purified human oxidized low-density lipoprotein antibodies. Clin 
Immunol. 2000;95:135–44.

9 Diabetes and Atherosclerosis



300

259. Virella G, Thorpe S, Alderson NL, Stephan EM, Atchley D, Wagner F, Lopes-Virella MF, 
the DCCT/EDIC Research Group. Autoimmune response to advanced glycosylation end- 
products of human low density lipoprotein. J Lipid Res. 2003;443:487–93.

260. Hulthe J, Bokemark L, Fagerberg B. Antibodies to oxidized LDL in relation to intima-media 
thickness in carotid and femoral arteries in 58-year-old subjectively clinically healthy men. 
Arterioscler Thromb Vasc Biol. 2001;21:101–7.

261. Szondy E, Lengyel E, Mezey Z, Fust, Gero S.  Occurrence of anti-low-density lipopro-
tein antibodies and circulating immune complexes in aged subjects. Mech Ageing Dev. 
1985;29:117–23.

262. Tertov VV, Orekhov AN, Kacharava AG, Sobenin IA, Perova NV, Smirnov VN. Low density 
lipoprotein-containing circulating immune complexes and coronary atherosclerosis. Exp Mol 
Pathol. 1990;52:300–8.

263. Atchley D, Lopes-Virella MF, Zheng D, Virella G, DCCT/EDIC Research Group. Oxidized 
LDL-anti-oxidized LDL immune complexes and diabetic nephropathy. Diabetologia. 
2002;45:1562–71.

264. Lopes-Virella M, Virella G. Modified LDL immune complexes and cardiovascular disease. 
Curr Med Chem. 2019;26(9):1680–92.

265. Virella G, Lopes-Virella MF. The role of the immune system in the pathogenesis of diabetic 
complications. Front Endocrinol. 2014;5:126.

266. Gisinger C, Virella GT, Lopes-Virella MF. Erthrocyte-bound low density lipoprotein (LDL) 
immune complexes lead to cholesteryl ester accumulation in human monocyte derived mac-
rophages. Clin Immunol Immunopathol. 1991;59:37–52.

267. Lopes-Virella MF, BinZafar N, Rackley S, Takei A, LaVia M, Virella G.  The uptake of 
LDL-IC by human macrophages: predominant involvement of the FcγR I. Atherosclerosis. 
1997;135:161–70.

268. Huang Y, Ghosh MJ, Lopes-Virella MF. Transcriptional and post-transcriptional regulation 
of LDL receptor gene expression in PMA-treated THP-1 cells by LDL-containing immune 
complexes. J Lipid Res. 1997;38:110–20.

269. Hunt KJ, Baker N, Cleary P, Backlund J-Y, Lyons T, Jenkins A, Virella G, Lopes-Virella 
MF. DCCT/EDIC Research Group. Oxidized LDL and AGE-LDL in circulating immune com-
plexes strongly predict progression of carotid artery IMT in type 1 diabetes. Atherosclerosis. 
2013;231(2):315–22.

270. Lopes-Virella MF, Baker NL, Hunt KJ, Lachin J, Nathan D, Virella G. DCCT/EDIC Research 
Group. Oxidized LDL immune complexes and coronary artery calcification in type 1 diabe-
tes. Atherosclerosis. 2011;214(2):462–7.

271. Lopes-Virella MF, Bebu I, Hunt KJ, Virella G, Baker NL, Braffett B, Gao X, Lachin 
JM. DCCT/EDIC Research Group. Immune complexes and the risk of CVD in type 1 diabe-
tes. Diabetes. 2019;68(9):1853–60.

272. Lopes-Virella MF, Hunt KJ, Baker NL, Lachin J, Nathan DM, Virella G, Diabetes Control and 
Complications Trial/Epidemiology of Diabetes Interventions and Complications Research 
Group. Levels of oxidized LDL and advanced glycation end products-modified LDL in cir-
culating immune complexes are strongly associated with increased levels of carotid intima- 
media thickness and its progression in type 1 diabetes. Diabetes. 2011;60(2):582–9.

273. Lopes-Virella MF, Hunt KJ, Baker NL, Virella G, Moritz T, VADT Investigators. The levels 
of MDA-LDL in circulating immune complexes predict myocardial infarction in the VADT 
study. Atherosclerosis. 2012;224(2):526–31.

274. Sasset L, Zhang Y, Dunn TM, Di Lorenzo A. Sphingolipid de novo biosynthesis: a rheostat of 
cardiovascular homeostasis. Trends Endocrinol Metab. 2016;27:807–19.

275. Jiang XC, Paultre F, Pearson TA, Reed RG, Francis CK, Lin M, Berglund L, Tall AR. Plasma 
sphingomyelin level as a risk factor for coronary artery disease. Arterioscler Thromb Vasc 
Biol. 2000;20:2614–8.

276. Guyton JR, Klemp KF.  Development of the lipid-rich core in human atherosclerosis. 
Arterioscler Thromb Vasc Biol. 1996;16:4–11.

277. Schissel SL, Tweedie-Hardman J, Rapp JH, Graham G, Williams KJ, Tabas I. Rabbit aorta 
and human atherosclerotic lesions hydrolyze the sphingomyelin of retained low-density lipo-

M. F. Lopes-Virella and G. Virella



301

protein. Proposed role for arterial-wall sphingomyelinase in subendothelial retention and 
aggregation of atherogenic lipoproteins. J Clin Invest. 1996;98:1455–64.

278. Knapp M, Zendzian-Piotrowska M, Błachnio-Zabielska A, Zabielski P, Kurek K, Górski 
J. Myocardial infarction differentially alters sphingolipid levels in plasma, erythrocytes and 
platelets of the rat. Basic Res Cardiol. 2012;107(6):294.

279. Jeong TS, Schissel SL, Tabas I, Pownall HJ, Tall AR, Jiang X.  Increased sphingomyelin 
content of plasma lipoproteins in apolipoprotein E knockout mice reflects combined produc-
tion and catabolic defects and enhances reactivity with mammalian sphingomyelinase. J Clin 
Invest. 1998;101:905–12.

280. Zhao YR, Dong JB, Li Y, Wu MP. Sphingomyelin synthase 2 over-expression induces expres-
sion of aortic inflammatory biomarkers and decreases circulating EPCs in ApoE KO mice. 
Life Sci. 2012;90:867–73.

281. Kasumov T, Li L, Li M, Gulshan K, Kirwan JP, Liu X, Previs S, Willard B, Smith JD, 
McCullough A. Ceramide as a mediator of non-alcoholic Fatty liver disease and associated 
atherosclerosis. PLoS One. 2015;10:e0126910.283.

282. Laaksonen R, Ekroos K, Sysi-Aho M, Hilvo M, Vihervaara T, Kauhanen D, Suoniemi M, 
Hurme R, März W, Scharnagl H, Stojakovic T, Vlachopoulou E, Lokki ML, Nieminen MS, 
Klingenberg R, Matter CM, Hornemann T, Jüni P, Rodondi N, Räber L, Windecker S, Gencer 
B, Pedersen ER, Tell GS, Nygård O, Mach F, Sinisalo J, Lüscher TF. Plasma ceramides pre-
dict cardiovascular death in patients with stable coronary artery disease and acute coronary 
syndromes beyond LDL-cholesterol. Eur Heart J. 2016;37:1967–76.

283. Cordis GA, Yoshida T, Das DK. HPTLC analysis of sphingomylein, ceramide and sphingo-
sine in ischemic/reperfused rat heart. J Pharm Biomed Anal. 1998;16:1189–93.

284. Kang SC, Kim BR, Lee SY, Park TS. Sphingolipid metabolism and obesity-induced inflam-
mation. Front Endocrinol. 2013;4:67.

285. Dawson G, Kruski AW, Scanu AM. Distribution of glycosphingolipids in the serum lipopro-
teins of normal human subjects and patients with hypo- and hyperlipidemias. J Lipid Res. 
1976;17:125–31.

286. Breckenridge WC, Halloran JL, Kovacs K, Silver MD. Increase of gangliosides in atheroscle-
rotic human aortas. Lipids. 1975;10:256–9.

287. Garner B, Priestman DA, Stocker R, Harvey DJ, Butters TD, Platt FM.  Increased glyco-
sphingolipid levels in serum and aortae of apolipoprotein E gene knockout mice. J Lipid Res. 
2002;43:205–14.

288. Chatterjee S, Bedja D, Mishra S, Amuzie C, Avolio A, Kass DA, Berkowitz D, Renehan 
M.  Inhibition of glycosphingolipid synthesis ameliorates atherosclerosis and arterial stiff-
ness in apolipoprotein E-/- mice and rabbits fed a high-fat and -cholesterol diet. Circulation. 
2014;129:2403–13.

289. Glaros EN, Kim WS, Rye KA, Shayman JA, Garner B. Reduction of plasma glycosphin-
golipid levels has no impact on atherosclerosis in apolipoprotein E-null mice. J Lipid Res. 
2008;49:1677–81.

290. Lopes-Virella MF, Baker NL, Hunt KJ, Hammad SM, Arthur J, Virella G, Klein RL, DCCT/
EDIC Research Group. Glycosylated sphingolipids and progression to kidney dysfunction in 
type 1 diabetes. J Clin Lipidol. 2019;13(3):481–91.

291. Knapp M, Lisowska A, Zabielski P, Musiał W, Baranowski M. Sustained decrease in plasma 
sphingosine-1-phosphate concentration and its accumulation in blood cells in acute myocar-
dial infarction. Prostaglandins Other Lipid Mediat. 2013;106:53–61.

292. Egom EE, Mamas MA, Chacko S, Stringer SE, Charlton-Menys V, El-Omar M, Chirico D, 
Clarke B, Neyses L, Cruickshank JK, Lei M, Fath-Ordoubadi F. Serum sphingolipids level 
as a novel potential marker for early detection of human myocardial ischaemic injury. Front 
Physiol. 2013;4:130.

293. Sattler K, Gräler M, Keul P, Weske S, Reimann CM, Jindrová H, Kleinbongard P, Sabbadini 
R, Bröcker-Preuss M, Erbel R, Heusch G, Levkau B. Defects of high-density lipoproteins 
in coronary artery disease caused by low sphingosine-1-phosphate content: correction by 
sphingosine-1-phosphate-loading. J Am Coll Cardiol. 2015;66:1470–85.

9 Diabetes and Atherosclerosis



302

294. Holland WL, Miller RA, Wang ZV, Sun K, Barth BM, Bui HH, Davis KE, Bikman BT, 
Halberg N, Rutkowski JM, Wade MR, Tenorio VM, Kuo MS, Brozinick JT, Zhang BB, 
Birnbaum MJ, Summers SA, Scherer PE. Receptor-mediated activation of ceramidase activ-
ity initiates the pleiotropic actions of adiponectin. Nat Med. 2011;17:55–63.

295. Holland WL, Summers SA. Sphingolipids, insulin resistance, and metabolic disease: new 
insights from in vivo manipulation of sphingolipid metabolism. Endocr Rev. 2008;29:381–402. 
PubMed: 18451260.

296. Chavez JA, Knotts TA, Wang LP, Li G, Dobrowsky RT, Florant GL, Summers SA. A role for 
ceramide, but not diacylglycerol, in the antagonism of insulin signal transduction by satu-
rated fatty acids. J Biol Chem. 2003;278:10297–303.

297. Shi H, Kokoeva MV, Inouye K, Tzameli I, Yin H, Flier JS. TLR4 links innate immunity and 
fatty acid-induced insulin resistance. J Clin Invest. 2006;116:3015–25.

298. Schilling JD, Machkovech HM, He L, Sidhu R, Fujiwara H, Weber K, Ory DS, Schaffer 
JE.  Palmitate and lipopolysaccharide trigger synergistic ceramide production in primary 
macrophages. J Biol Chem. 2013;288:2923–32.

299. Davis CN, et al. IL-1beta induces a MyD88-dependent and ceramide-mediated activation of 
Src in anterior hypothalamic neurons. J Neurochem. 2006;98:1379–89.

300. Vlassara H, Brownlee M, Manogue KR, Dinarello CA, Pasagian A.  Cachectin/TNF and 
IL-1 induced by glucose-modified proteins: role in normal tissue remodeling. Science. 
1988;240:1546–8.

301. Vlassara H, Brownlee M, Cerami A. Novel macrophage receptor for glucose-modified pro-
teins is distinct from previously described scavenger receptors. J Exp Med. 1986;164:1301–9.

302. Neeper M, Schmidt AM, Brett J, Yan SD, Wang F, Pan YC, Elliston K, Stern D, Shaw 
A. Cloning and expression of a cell surface receptor for advanced glycosylation end products 
of proteins. J Biol Chem. 1992;267(21):14998–5004.

303. Daffu G, del Pozo CH, O’Shea KM, Ananthakrishnan R, Ramasamy R, Schmidt AM. Radical 
roles for RAGE in the pathogenesis of oxidative stress in cardiovascular diseases and beyond. 
Int J Mol Sci. 2013;14(10):19891–910.

304. Yan SF, Ramasamy R, Schmidt AM. Receptor for AGE (RAGE) and its ligands-cast into 
leading roles in diabetes and the inflammatory response. J Mol Med. 2009;87(3):235–47.

305. Schmidt AM, Hasu M, Popov D, Zhang JH, Chen J, Yan SD, Brett J, Cao R, Kuwabara K, 
Costache G. Receptor for advanced glycation end products (AGEs) has a central role in ves-
sel wall interactions and gene activation in response to circulating AGE proteins. Proc Natl 
Acad Sci U S A. 1994;91(19):8807–11.

306. Schmidt AM, Stern DM. RAGE: a new target for the prevention and treatment of the vascular 
and inflammatory complications of diabetes. Trends Endocrinol Metab. 2000;11(9):368–75.

307. Yamagishi S, Nakamura K, Matsui T, Ueda S, Fukami K, Okuda S.  Agents that block 
advanced glycation end product (AGE)-RAGE (receptor for AGEs)-oxidative stress system: 
a novel therapeutic strategy for diabetic vascular complications. Expert Opin Investig Drugs. 
2008;17(7):983–96.

308. Cuccurullo C, Iezzi A, Fazia ML, De Cesare D, Di Francesco A, Muraro R, Bei R, Ucchino S, 
Spigonardo F, Chiarelli F, Schmidt AM, Cuccurullo F, Mezzetti A, Cipollone F. Suppression 
of RAGE as a basis of simvastatin-dependent plaque stabilization in type 2 diabetes. 
Arterioscler Thromb Vasc Biol. 2006;26(12):2716–23.

309. Rios FJ, Koga MM, Ferracini M, Jancar S. Co-stimulation of PAFR and CD36 is required for 
oxLDL-induced human macrophages activation. PLoS One. 2012;7(5):e36632.

310. Lundberg AM, Hansson GK.  Innate immune signals in atherosclerosis. Clin Immunol. 
2010;134(1):5–24.

311. Andersson J, Libby P, Hansson GK. Adaptive immunity and atherosclerosis. Clin Immunol. 
2010;134(1):33–46.

312. Virella G, Muñoz JF, Galbraith GMP, Gissinger C, Chassereau C, Lopes-Virella 
MF. Activation of human monocyte-derived macrophages by immune complexes containing 
low density lipoprotein. Clin Immunol Immunopathol. 1995;75:179–89.

M. F. Lopes-Virella and G. Virella



303

313. Saad AF, Virella G, Chassereau C, Boackle RJ, Lopes-Virella MF. OxLDL immune com-
plexes activate complement and induce cytokine production by MonoMac 6 cells and human 
macrophages. J Lipid Res. 2006;47(9):1975–83.

314. Al Gadban MM, Smith KJ, Soodavar F, Piansay C, Chassereau C, Twal WO, Klein RL, 
Virella G, Lopes-Virella MF, Hammad SM.  Differential trafficking of oxidized LDL and 
oxidized LDL immune complexes in macrophages: impact on oxidative stress. PLoS One. 
2010;5(9):e12534.

315. Truman JP, Al Gadban MM, Smith KJ, Jenkins RW, Mayroo N, Virella G, Lopes-Virella 
MF, Bielawska A, Hannun YA, Hammad SM.  Differential regulation of acid sphingomy-
elinase in macrophages stimulated with oxidized low-density lipoprotein (LDL) and oxi-
dized LDL immune complexes: role in phagocytosis and cytokine release. Immunology. 
2012;136(1):30–45.

316. Virella G, Wilson K, Elkes J, Hamma SM, Rajab HA, Li Y, Chassereau C, Huang Y, Lopes- 
Virella M. Immune complexes containing malondialdehyde (MDA) LDL induce apoptosis in 
human macrophages. Clin Immunol. 2018;187:1–9.

317. Rhoads JP, Lukens JR, Wilhelm AJ, et al. Oxidized LDL-immune complex priming of the 
Nlrp3 inflammasome involves TLR and FcγR cooperation and is dependent on CARD9. J 
Immunol. 2017;198:2105–14.

318. Li Y, Lu Z, Huang Y, Lopes-Virella MF, Virella G. F(ab′)2 fragments of anti-oxidized LDL 
IgG attenuate vascular inflammation and atherogenesis in diabetic LDL receptor-deficient 
mice. Clin Immunol. 2016;173:50–6.

319. Lu Z, Zhang X, Li Y, Lopes-Virella MF, Huang Y. TLR4 antagonist attenuates atherogen-
esis in LDL receptor-deficient mice with diet-induced type 2 diabetes. Immunobiology. 
2015;220(11):1246–54.

320. Raines EW, Dower SK, Ross R. Interleukin-1 mitogenic activity for fibroblasts and smooth 
muscle cells is due to PDGF-AA. Science. 1989;243:393–6.

321. Stevenson HC, Dekaban GA, Miller PJ, Benyajati C, Pearson ML. Analysis of human blood 
monocyte activation at the level of gene expression. J Exp Med. 1985;161:503–13.

322. Ross R, Masuda J, Raines EW, Gown AM, Katsuda S, Sasahara M, Malden LT, Masuko 
H, Sato H. Localization of PDGF-b protein in macrophages in all phases of atherogenesis. 
Science. 1990;248:1009–12.

323. Assoian RK, Fleurdelys BE, Stevenson HC, Miller PJ, Madtes DK, Raines EW, Ross R, 
Sporn M.  Expression and secretion of type beta transforming growth factor by activated 
human macrophages. Proc Natl Acad Sci U S A. 1987;84:6020–4.

324. Werb Z, Bonda MJ, Jones PA. Degradation of connective tissue matrices by macrophages: 
I. Proteolysis of elastin, glycoproteins, and collagens by proteinases isolated from macro-
phages. J Exp Med. 1980;152:1340–57.

325. Bevilacqua MP, Pober JS, Majeau GR, Cotran RS, Gimbrone MA Jr. Interleukin 1 induces 
biosynthesis and cell surface expression of procoagulant activity in human vascular endothe-
lial cells. J Exp Med. 1984;160:618–23.

326. Breviario F, Bertocchi F, Dejana E, Bussolino F.  IL-1 induced adhesion of polymorpho-
nuclear leukocytes to cultured human endothelial cells. Role of platelet-activating factor. J 
Immunol. 1988;141:3391–7.

327. Marx N, Imhof A, Froehlich J, Siam L, Ittner J, Wierse G, Schmidt A, Maerz W, Homback V, 
Koenig W. Effect of rosiglitazone treatment on soluble CD40L in patients with type 2 diabe-
tes and coronary heart disease. Circulation. 2003;107:1954–7.

328. Bertrand MJ, Tardif JC. Inflammation and beyond: new directions and emerging drugs for 
treating atherosclerosis. Expert Opin Emerg Drugs. 2017;22(1):1–26.

329. Falk E. Why do plaques rupture? Circulation. 1992;86(Suppl III):30–42.
330. Little WC, Constantinescu M, Applegate RJ, Kutcher MA, Burrow MT, Kahl FR, Santamore 

WP.  Can coronary angiography predict the site of a subsequent myocardial infarction in 
patients with mild-moderate coronary artery disease? Circulation. 1988;78:1157–66.

331. Libby P. Molecular bases of the acute coronary syndromes. Circulation. 1995;91:2844–50.

9 Diabetes and Atherosclerosis



304

332. Amento EP, Ehsani N, Palmer H, Libby L. Cytokine positively and negatively regulate inter-
stitial collagen gene expression in human vascular smooth muscle cells. Arterioscler Thromb. 
1991;11:1223–30.

333. Hansson GK, Holm J, Jonasson L. Detection of activated T lymphocytes in the human ath-
erosclerotic plaques. Am J Pathol. 1989;135:169–75.

334. Fuster V, Lewis A. Conner Memorial Lecture. Mechanisms leading to myocardial infarction: 
insights from studies of vascular biology. Circulation. 1994;90:2126–46.

335. Morton LF, Barnes MJ. Collagen polymorphism in the normal and diseased blood vessel 
wall. Investigation of collagens types I, III and V. Atherosclerosis. 1982;42:41–51.

336. Matrisian LM. The matrix-degrading metalloproteinases. BioEssays. 1992;14:455–63.
337. Sukhova G, Schoenbeck U, Rabkin E, Schoen FJ, Poole AR, Billinhurst RC, Libby 

P. Colocalization of the interstitial collagenase MMP-1 & MMP-13 with sites of cleaved col-
lagen indicates their role in plaque destabilization. Circulation (Suppl). 1998;98:48.

338. Huang Y, Mironova M, Lopes-Virella MF.  Oxidized LDL stimulates matrix metallopro-
teinase- 1 expression in human vascular endothelial cells. Arterioscler Thromb Vasc Biol. 
1999;19:2640–7.

339. Huang Y, Fleming AJ, Wu S, Virella G, Lopes-Virella MF. Fc-gamma receptor cross-link-
ing by immune complexes induces matrix metalloproteinase-1  in U937 cells via mitogen- 
activated protein kinase. Arterioscler Thromb Vasc Biol. 2000;20:2533–8.

340. Huang Y, Song L, Wu S, Fan F, Lopes-Virella MF.  Oxidized LDL differentially regu-
lates MMP-1 and TIMP-1 expression in vascular endothelial cells. Atherosclerosis. 
2001;156:119–25.

341. Li Y, Devadoss JS, Sundararaj KP, Lopes-Virella MF, Huang Y. IL-6 and high glucose syner-
gistically upregulate MMP-1 expression by U937 mononuclear phagocytes via ERK1/2 and 
JNK pathways and c-Jun. J Cell Biochem. 2010;110(1):248–59.

342. Sundararaj P, Samuvel DJ, Li Y, Sanders JJ, Lopes-Virella MF, Huang Y.  Interleukin-6 
released from fibroblasts is essential for up-regulation of matrix metalloproteinase-1 expres-
sion by U937 macrophages in coculture: cross-talking between fibroblasts and U937 macro-
phages exposed to high glucose. J Biol Chem. 2009;284(20):13714–24.

343. Marx N, Froehlich J, Siam L, Ittner J, Wierse G, Schmidt A, Scharnagl H, Homback V, Koenig 
W. Antidiabetic PPAR – activator rosiglitazone reduces MMP-9 serum levels in type 2 dia-
betic patients with coronary artery disease. Arterioscler Thromb Vasc Biol. 2003;23:283–8.

344. Li Y, Samuvel DJ, Sundararaj KP, Lopes-Virella MF, Huang Y. IL-6 and high glucose syner-
gistically upregulate MMP-1 expression by U937 mononuclear phagocytes via ERK1/2 and 
JNK pathways and c-Jun. J Cell Biochem. 2010;110(1):248–59.

345. Schaub FJ, Han DK, Liles WC, Adams LD, Coats SA, Ramachandran RK, Seifert RA, 
Schwartz SM, Bowen-Pope DF.  Fas/FADD-mediated activation of a specific program of 
inflammatory gene expression in vascular smooth muscle cells. Nat Med. 2000;6:790–6.

346. Tedgui A, Mallat Z.  Apoptosis as a determinant of atherothrombosis. Thromb Haemost. 
2001;86:420–6.

347. Moons AH, Levi M, Peters RJ. Tissue factor and coronary heart disease. Cardiovasc Res. 
2002;53:313–25.

348. Marchini JF, Manica A, Crestani P, Dutzmann J, Folco EJ, Weber H, Libby P, Croce 
K. Oxidized low-density lipoprotein induces macrophage production of prothrombotic mic-
roparticles. J Am Heart Assoc. 2020;9(15):e015878.

349. Colwell JA. Antiplatelet drugs and prevention of macrovascular disease in diabetes mellitus. 
Metabolism. 1992;41(Suppl 1):7–10.

350. Kaur R, Kaur M, Singh J. Endothelial dysfunction and platelet hyperactivity in type 2 diabetes 
mellitus: molecular insights and therapeutic strategies. Cardiovasc Diabetol. 2018;17(1):121.

351. Alzahrani SH, Ajjan RA.  Coagulation and fibrinolysis in diabetes. Diab Vasc Dis Res. 
2010;7(4):260–73.

352. Breitenstein A, Tanner FC, Luscher TF. Tissue factor and cardiovascular disease: quo vadis? 
Circ J. 2010;74:3–12.

353. Ananyeva NM, Kouiavskaia DV, Shima M, Saenko EL. Intrinsic pathway of blood coagula-
tion contributes to thrombogenicity of atherosclerotic plaque. Blood. 2002;99:4475–85.

M. F. Lopes-Virella and G. Virella



305

354. Dunn EJ, Ariens RA, Grant PJ. The influence of type 2 diabetes on fibrin structure and func-
tion. Diabetologia. 2005;48:1198–206.

355. Ibbotson SH, Catto A, Davies JA, Grant PJ. The effect of insulin-induced hypoglycaemia on 
factor VIII:C concentrations and thrombin activity in subjects with type 1 (insulin-dependent) 
diabetes. Thromb Haemost. 1995;73:243–6.

356. Gerstein HC, Miller ME, Byington RP, Goff DC Jr, Bigger JT, Buse JB, Cushman WC, Genuth 
S, Ismail-Beigi F, Grimm RH Jr, Probstfield JL, Simons-Morton DG, Friedewald WT. Effects 
of intensive glucose lowering in type 2 diabetes. N Engl J Med. 2008;358:2545–59.

357. Boden G, Vaidyula VR, Homko C, Cheung P, Rao AK. Circulating tissue factor procoagulant 
activity and thrombin generation in patients with type 2 diabetes: effects of insulin and glu-
cose. J Clin Endocrinol Metab. 2007;92:4352–8.

358. Karatela RA, Sainani GS.  Interrelationship between coagulation factor VII and obesity in 
diabetes mellitus (type 2). Diabetes Res Clin Pract. 2009;84:e41–4.

359. Kannel WB, Wolf PA, Castelli WP, D’Agostino RB. Fibrinogen and risk of cardiovascular 
disease: the Framingham study. JAMA. 1987;258:1183–6.

360. Corrado E, Rizzo M, Coppola G, Fattouch K, Novo G, Marturana I, Ferrara F, Novo S. An 
update on the role of markers of inflammation in atherosclerosis. J Atheroscler Thromb. 
2010;17:1–11.

361. Green D, Chan C, Kang J, Liu K, Schreiner P, Jenny NS, Tracy RP. Longitudinal assessment 
of fibrinogen in relation to subclinical cardiovascular disease: the CARDIA study. J Thromb 
Haemost. 2010;8:489–95.

362. Klein RL, Hunter SJ, Jenkins AJ, Zheng D, Semler AJ, Clore J, Garvey WT. DCCT/ECIC 
study group. Fibrinogen is a marker for nephropathy and peripheral vascular disease in type 1 
diabetes: studies of plasma fibrinogen and fibrinogen gene polymorphism in the DCCT/EDIC 
cohort. Diabetes Care. 2003;26:1439–48.

363. Hornsby WG, Boggess KA, Lyons TJ, Barnwell WH, Lazarchick J, Colwell JA. Hemostatic 
alterations with exercise conditioning in NIDDM. Diabetes Care. 1990;13:87–92.

364. Ceriello A, Esposito K, Ihnat M, Zhang J, Giugliano D. Simultaneous control of hypergly-
cemia and oxidative stress normalizes enhanced thrombin generation in type 1 diabetes. J 
Thromb Haemost. 2009;7:1228–30.

365. Undas A, Wiek I, Stepien E, Zmudka K, Tracz W. Hyperglycemia is associated with enhanced 
thrombin formation, platelet activation, and fibrin clot resistance to lysis in patients with 
acute coronary syndrome. Diabetes Care. 2008;31:1590–5.

366. Rosove MH, Frank HJL, Harwing SSL. Plasma beta-thromboglobulin, platelet factor 4, fibri-
nopeptide A, and other hemostatic functions during improved, short-term glycemic control in 
diabetes mellitus. Diabetes Care. 1984;7:174–9.

367. Ceriello A, Giugliano D, Quatraro A, Marchi E, Barbanti M, Lefebvre P.  Evidence for a 
hyperglycemia- dependent decrease of antithrombin complex formation in humans. 
Diabetologia. 1990;33:163–7.

368. Brownlee M, Vlassara H, Cerami A. Inhibition of heparin-catalyzed antithrombin III activ-
ity by non-enzymatic glycosylation: possible role in fibrin deposition in diabetes. Diabetes. 
1984;33:532–5.

369. Vukovich TC, Schernthaner G. Decreased protein C levels in patients with insulin-dependent 
type I diabetes mellitus. Diabetes. 1986;35:617–9.

370. Booyse FM, Bruce R, Gianturco SH, Bradley WA. Normal but not hypertriglyceridemic very 
low-density lipoprotein induces rapid release of tissue plasminogen activator from cultured 
human umbilical vein endothelial cells. Semin Thromb Hemost. 1988;14:175–9.

371. Stiko-Rahm A, Wiman B, Hamsten A, Nilsson J. Secretion of plasminogen activator inhibi-
tor 1 from cultured human umbilical vein endothelial cells is induced by very low density 
lipoprotein. Arteriosclerosis. 1990;10:1067–73.

372. Juhan-Vague I, Alessi MC. Regulation of fibrinolysis in the development of atherothrombo-
sis: role of adipose tissue. Thromb Haemost. 1999;82:832–6.

373. Alessi MC, Peiretti F, Morange P, Henry M, Nalbone G, Juhan-Vague I. Production of plas-
minogen activator inhibitor 1 by human adipose tissue. Possible link between visceral fat 
accumulation and vascular disease. Diabetes. 1997;46:860–7.

9 Diabetes and Atherosclerosis



306

374. Sakamoto TJ, Woodcock-Mitchell K, Marutsuka JJ, Mitchell BE, Sobel FS. TNF-alpha and 
insulin. Alone and synergistically, induce plasminogen activator inhibitor-1 expression in adi-
pocytes. Am J Phys. 1999;276:C1391–7.

375. Okada HJ, Woodcock-Mitchell J, Mitchell T, Sakamoto K, Marutsuka BE, Sobel FS. Induction 
of plasminogen activator inhibitor type 1 and type 1 collagen expression in rat cardiac micro-
vascular endothelial cells by interleukin-1 and its dependence on oxygen-centered free radi-
cals. Circulation. 1998;97:2175–82.

376. Feener EP, Northup JM, Aiello LP, King GL. Angiotensin II induces plasminogen activator 
inhibitor-1 and –2 expression in vascular endothelial and smooth muscle cells. J Clin Invest. 
1995;95:1353–62.

377. Jansson JH, Olofsson BO, Nilsson TK. Predictive value of tissue plasminogen activator mass 
concentration on long-term mortality in patients with coronary artery disease. Circulation. 
1993;88:2030–4.

378. Cushman M, Lemaitre RN, Kuller LH, Psaty BM, Macy EM, Sharrett AR, Tracy 
RP.  Fibrinolytic activation markers predict myocardial infarction in the elderly. The 
Cardiovascular Health Study. Arterioscler Thromb Vasc Biol. 1999;19:493–8.

379. Garcia Frade LJ, de la Calle H, Torrado MC, Lara JI, Cuellar L, Garcia AA. Hypofibrinolysis 
associated with vasculopathy in non-insulin dependent diabetes mellitus. Thromb Res. 
1990;59:51–9.

380. Folsom AR, Aleksic N, Park E, Salomaa V, Juneja H, Wu KK. Prospective study of fibrino-
lytic factors and incident coronary heart disease: the Atherosclerosis Risk in Communities 
(ARIC) Study. Arterioscler Thromb Vasc Biol. 2001;21:611–7.

381. Gray RP, Patterson DLH, Yudkin JS. Plasminogen activator inhibitor activity in diabetic and 
nondiabetic survivors of myocardial infarction. Arteriosclerosis. 1993;13:415–20.

382. Jokl R, Laimins M, Klein RL, Lyons TJ, Lopes-Virella MF, Colwell JA. Platelet plasminogen 
activator inhibitor 1 in patients with type II diabetes. Diabetes Care. 1994;17:818–23.

383. Jokl R, Klein RL, Lopes-Virella MF, Colwell JA. Release of platelet plasminogen activa-
tor inhibitor 1 in whole blood is increased in patients with type II diabetes. Diabetes Care. 
1995;18:1150–5.

384. Sahli D, Eriksson JW, Boman K, Svensson MK. Tissue plasminogen activator (tPA) activ-
ity is a novel and early marker of asymptomatic LEAD in type 2 diabetes. Thromb Res. 
2009;123:701–6.

385. Brommer EJ, Gevers Leuven JA, Barrett-Bergshoeff MM. Response of fibrinolytic activity 
and factor VIII-related antigen to stimulation with desmopressin in hyperlipoproteinemia. J 
Lab Clin Med. 1982;100:105–14.

386. Juhan-Vague I, Vague P, Poisson C, Aillaud MF, Mendez C, Collen D. Effect of 24 hours 
of normoglycemia on tissue-type plasminogen activator plasma levels in insulin-dependent 
diabetes. Thromb Haemost. 1984;51:97–8.

387. Zaman AKMT, Fujii S, Sawa H, Goto D, Tshimori N, Watano K, Kaneko T, Furumoto T, 
Sugawara T, Sakuma I, Kitabatake A, Sobel BE. Angiotensin-converting enzyme inhibition 
attenuates hypofibrinolysis and reduces cardiac perivascular fibrosis in genetically obese dia-
betic mice. Circulation. 2001;103:3123–8.

M. F. Lopes-Virella and G. Virella



307

Chapter 10
The Effects and Treatment 
of Inflammation on Diabetes Mellitus 
and Cardiovascular Disease

Laith Hattar, Tayebah Mumtaz, Christopher El Mouhayyar, 
Anouch Matevossian, and Michael Johnstone

 Introduction

Diabetes Mellitus (DM), one of the most common chronic disorders, is a frequent 
cause of mortality and morbidity worldwide. DM has a strong association with cor-
onary artery disease and has been described as a “Coronary disease equivalent.” It 
has been shown that the risk of cardiovascular disease progression in diabetics is 
similar to non-diabetics with previous coronary artery disease [1–3]. Over 95% of 
patients with diabetes have Type 2 DM which will be the focus of this chapter.

Inflammation has been suggested as the potential driver of this disease process. 
It has also been suggested that DM itself leads to inflammation which drives some 
of the complications associated with it, most importantly atherosclerosis. A better 
understanding of the molecular pathways of inflammation leading to diabetes mel-
litus and its complications can potentially lead to novel treatment options. Identifying 
the triggers for this inflammatory process can aid in the prevention of the develop-
ment of diabetes mellitus.
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 A Basic Review of the Immune System and Inflammation

The immune system relies on two different mechanisms to defend against foreign 
bodies: the innate and the adaptive immune systems.

The innate immune system is the first line of immune defense and includes mul-
tiple mechanisms to protect against foreign bodies. This system includes (a) physi-
cal barriers such as the skin and the cellular wall of the gastrointestinal and urinary 
tract as well as (b) secretions that form mucous membranes and cover a large part of 
the respiratory and gastrointestinal tract. The innate immune system mounts a 
response to foreign antigens through the germline-encoded Pattern Recognition 
Receptors (PRRs) which leads to the release of cytokines, resulting in cellular sig-
naling. This leads to both the further recruitment of the innate immunological 
response and the triggering of the adaptive immune system. The signaling pathway 
that leads to an amplified response is described as inflammation. Microbial struc-
tures known as Pathogen-Associated Molecular Patterns (PAMPs) [3, 4] as well as 
various endogenous signals activated during tissue or cell damage, known as 
Danger-associated molecular patterns (DAMPs), are able to trigger those 
PRRs [5, 6].

Toll-like receptors (TLRs) are the most studied and well-identified PRRs [7]. 
TLR activation leads to an intracellular signaling pathway, resulting in the nuclear 
translocation of transcription factors such as activator protein-1 (AP-1), NF-κB, or 
interferon regulatory factor 3 (IRF3) [8]. This response leads to the cellular produc-
tion of inflammatory cytokines including interleukin-1β (IL-1β), interleukin-6 
(IL-6), and tumor necrosis factor-alpha (TNF-α) [9]. TLRs are expressed on both 
the cell surface and the intracellular membranes.

Another set of receptors, the Nucleotide-Binding Domain, Leucine-Rich Repeat 
(NLR) Proteins do not reside on membranes but in the cellular cytoplasm. These 
receptors can detect endogenous signals of intracellular damage and initiate pro-
gramed cell death or apoptosis. A specific NLR of interest is the NLRP3 which, via 
signaling pathways, leads to the formation of a pro-inflammatory complex termed 
the inflammasome. The inflammasome in turn activates pro-inflammatory cytokines 
including IL1, IL18, and IL33 [10].

Another important PRR is a group of proteins called the pentraxins, homopenta-
meric proteins that can detect certain foreign molecular patterns, the best known of 
which is the C-reactive protein (CRP). CRP is able to detect bacterial low-density 
lipoproteins and leads to the activation of the complement system which eventually 
leads to neutralization of the host bacteria [11].

Ultimately, cell death and microbial killing are driven by enzymatic degradation 
using oxidative reactions. Myeloperoxidase is one of the enzymes that not only cata-
lyzes oxidative reactions, but it has also been implicated in the modulation of 
inflammation [12, 13].

Until recently, the innate immune system was perceived as a first line of defense 
that relies on recognizing antigens different from the host without any memory of 
previous exposures. However, recent reports suggest that the innate immune system 
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can mount a more robust response after being exposed to certain antigens. This type 
of response, termed trained innate immunity, is mediated by epigenetic changes 
rendering certain genetic sequences more accessible for transcription [14]. A 
chronic inflammatory state, as seen in diabetes, can be further amplified by this 
phenomena as the trained innate immune system is able to ramp up the production 
of myelocytes that can further increase inflammation via a positive feedback loop 
[15]. This was first witnessed in animal models as a quantitative increase in neutro-
phils and monocytes was observed in obese and western diet-fed mice, an excellent 
model for both metabolic syndrome and diabetes mellitus [16, 17].

On the other hand, the adaptive immune system can form specific antigen recep-
tors that can attach to foreign bodies using somatic rearrangement of the basic ele-
ment. These basic elements can develop into millions of receptors and trigger 
inflammatory cascades whenever an antigen attaches to its corresponding antibody 
receptor. The adaptive immune system relies on two different cell lines, T and B 
cells. These cell lines can be differentiated based upon the specific antigens present 
on their surfaces and are known as clusters of differentiation (CD). Each cell line 
has subtypes of cells with different CD. T cells differentiate primarily into CD4 and 
CD8 cells. CD4 cells are involved in the detection of foreign bodies and the subse-
quent activation of other cell types including CD8 cells and B Cells. CD8 cells act 
primarily by lysing cells that are infected with intracellular microbes. B cells pro-
duce specific antibodies in response to a foreign antigen or immunoglobulins. T and 
B cell signaling is achieved through the release of interleukins amplifying the 
immune response when a foreign antigen is detected.

 An Intertwining Relationship Between Diabetes 
and Inflammation

 Inflammation as a Risk Factor for Type II DM

The Innate immune system plays a role in the development of insulin resistance 
related to type 2 DM. A subtype of macrophages named “M1” produce a proinflam-
matory response compared with the second subtype of macrophages “M2” which 
produce an anti-inflammatory response. Obese humans are noted to have a polariza-
tion towards M1 macrophages with a downstream release of pro-inflammatory cyto-
kines and chemokines [18] (Fig. 10.1).

Multiple studies throughout the past few decades have found association between 
inflammation and the development of Type II DM [19, 20]. Elevated inflammatory 
makers such as CRP and IL-6 were associated with higher incidence of develop-
ment of diabetes mellitus [21]. Tumor necrosis factor-alpha (TNF-α), an inflamma-
tory signaling cascade factor, was found to be higher in rodent models with obesity 
and diabetes. Neutralization of TNF-α caused a significant increase in glucose 
uptake in response to insulin [22]. The administration of the anti-inflammatory 
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sodium salicylate in high doses to patients with suspected or known diabetes mel-
litus, resulted in a significant reduction in glucosuria [23, 24].

One third of interleukin-6 originates from the subcutaneous adipose tissue [25]. 
IL-6 is the primary interleukin that is involved in the hepatic synthesis of CRP as 
well as other pro-inflammatory markers. This pro-inflammatory response is associ-
ated with further leukocyte recruitment and activation of the adaptive immunity. 
Those inflammatory markers increase the risk of development of diabetes, and they 
also lead to accelerated atherogenesis (Fig.  10.2). The Women’s Health Study 
(WHS) demonstrated an association between higher level of CRP and the increased 
risk of development of type 2 DM [26].

Metabolic syndrome with its different components including obesity and hyper-
tension has been strongly associated with the risk of developing Type II diabetes 
mellitus [27–30]. Multiple studies have demonstrated that several inflammatory 
markers including CRP and IL-6 were elevated in metabolic syndrome [31–33]. 
These same markers have also been associated with insulin resistance. This suggests 
that an underlying inflammatory process may be driving insulin resistance in 
patients with the metabolic syndrome.

Activation of TLRs’ specific subtypes has been implicated in metabolic syn-
drome and the development of insulin resistance. Inhibition of TLR2 and TLR4 has 
been associated with a decrease in insulin resistance [34, 35]. The main function of 
these receptors is the recognition of lipopolysaccharide (LPS) present on gram- 
negative bacteria. High-saturated fat diet may possibly activate TLR pathways [36, 
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Fig. 10.2 The role of IL-6 in inflammation and atherogenesis. (Source: Libby P, Rocha VZ. All 
roads lead to IL-6: A central hub of cardiometabolic signaling. Int J Cardiol. 2018 May 
15;259:213–215)

37]. This suggests a link between a high-fat diet and the risk of developing type 2 
DM. TLR activation via signaling activates the NLRP3 (NLR family pyrin domain 
3) and NLRP3 inflammasome complex, first described by Martinon in 2002. Over 
the past two decades, the inflammasome has become an area of intense research 
interest due to its association with both atherosclerosis and insulin resistance [38, 
39]. Additionally, the complex also leads to the activation of Caspase and to pro-
grammed cell death, apoptosis. After encountering a stress signal, the NLRP3 sen-
sor proteins activate oligomerization domains [40]. Oligomerization leads to a 
wheel-shape configuration of NLRP3 [41] that, in turn, leads to the activation of 
inactive Caspase-1, and cleaves pro-IL-18, and IL-1B (Fig. 10.3).

These cytokines then lead to activation of Pro-gasdermin D, which leads to pore 
formation in the cell membrane, releasing active cytokines. The cytokines then 
attract phagocytes and cause apoptosis. Animal models suggest that IL-1b and 
IL-18 are upregulated in mice with impaired glucose metabolism and diabetes mel-
litus. In a recent study of 232 Chinese patients with impaired glucose regulation 
(IGR) and diabetes mellitus, IL-18 was significantly increased when compared with 
subjects with normal glucose metabolism [42]. A more direct relationship between 
inflammasome and diabetes mellitus remains to be explored.

Obesity is another well-understood risk factor for ongoing inflammatory response 
in humans and animal models. For example, adipose tissue incrementally recruits 
immune cells releasing chemo-attractants for inflammatory cells. This has a direct 
impact on insulin sensitivity as seen with downregulation of these chemo-attractants 
MCP-1 in animal models with obese mice [43, 44].

The adaptive immune system also skews to a pro-inflammatory state in obesity. 
T cells are divided into CD4+ and CD8+ cells. The CD4+ T cells can differentiate 
to either TH1 cells or TH2 cells based on the circulating inflammatory markers. The 
presence of certain pro-inflammatory interleukins that can occur in obesity such as 
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Fig. 10.3 A schematic representation of inflammasome NLRP3 assembly activation with 
pathogen- associated molecules (PAMPs) and DAMPs. The NLRP3 inflammasome then activates 
pro-IL-1b and IL-18 which are then indirectly implicated in atherosclerosis and diabetes mellitus. 
(Source: Shirasuna K, Karasawa T, Takahashi M.  Role of the NLRP3 Inflammasome in 
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IL-6 leads to the differentiation of T cells to TH1 cells which play a role in multiple 
inflammatory conditions [45–47].Cytokines produced in response to the activation 
of transcription factors such as TNF-α, IL1b, and IL-6 result in the downregulation 
of Peroxisome Proliferator-Activated Receptor-γ (PPΑR-γ) [48] a modulator of 
insulin sensitivity [49].

 Type II DM Causing an Inflammatory Response

Patients who already have diabetes also have a myriad of circulating signaling pro-
teins that induce an inflammatory response. Several proteins, i.e., IL-1, IL-6, IL-10, 
leptin, adiponectin, and a collective group of proteins secreted from primarily white 
adipose tissue termed adipokines play an important role in diabetes-induced inflam-
mation [50–56]. Type II DM also leads to an imbalance in T cell subtypes including 
Tregs, with a skew of T cell subtypes towards a pro-inflammatory subset that pro-
motes a chronic inflammatory response with further release of cytokines [57].

Chronic hyperglycemia in diabetic population with poor control has been associ-
ated with many of the major complications seen in this disease. Chronic hypergly-
cemia may activate inflammation that in turn plays an important role in causing 
these complications. Specifically, the glycation of proteins produces advanced gly-
cated endproducts (AGE) with subsequent interaction of AGE with cellular 
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receptors (RAG). This triggers a pro-inflammatory signaling pathway which leads to 
the activation of Nuclear factor-kappa B (NF-kB), Phosphatidylinositol 3 kinase/
protein kinase (B Pi3K/AkT) and Mitogen-activated protein kinase (MAPK) [58]. 
Another method through which hyperglycemia results in inflammation is through 
the accumulation of nicotinamide adenine dinucleotide (NADH) in its reduced 
form. As glucose enters the cells, glycolysis takes place and glucose is cleaved to 
pyruvate and NAD+ (the oxidized form of NADH) is turned to NADH. NADH is 
then transported to the mitochondria. The excess NADH overwhelms the mitochon-
dria leading to the formation of oxygen-derived free radicals (ROS) resulting in cell 
damage and subsequent inflammation [59].

Over the past decade, there has been an increasing amount of evidence emerging 
on the influence of intestinal bacteria and their role inflammation. In 2004, a hall-
mark study revealed an association between obesity and the gut microbiome [60]. 
However, the study of the gut microbiome remains a challenging process with broad 
differences in the bacterial composition based on age, diet, and genetic variations 
among many others [61]. The gut wall is part of the innate immune system. 
Alterations in the intestinal microbiome, also known as dysbiosis, has had a grow-
ing base of evidence describing its association with diabetes mellitus as well as 
low-grade inflammation [61, 62]. Dysbiosis is believed to affect gut wall integrity, 
and as a result, different particles can cross the barrier to the circulation.

 The Role of Diabetes-Related Inflammation 
with Cardiovascular Disease and Atherosclerosis

Age-related diseases could be as a result of an antigenic stress that triggers the 
inflammatory cascade with the subsequent development of full-blown disease. 
Low-grade inflammation as a result of infections, autoimmune processes or toxic 
waste products related to dietary habits can lead to an increased risk of heart attacks, 
strokes, and cancer [63–65]. Atherosclerosis and the subsequent development of 
cardiovascular disease are the most significant complication of the diabetes and, as 
such, the major cause of morbidity and mortality in diabetes [66]. This topic is cov-
ered in more detail in the Chap. 10.

The ‘Response to Injury’ hypothesis for the development of atherosclerosis is 
predicated on an injury to the endothelial cell. The proposed causes of this injury to 
the endothelial cell include hypertension, diabetes mellitus, smoking, and dyslipid-
emia. The consensus from numerous investigators is that the inflammatory cascade 
occurs in response to that injury and results in the development of atherosclerosis as 
well as plaque formation, progression, and destabilization [67–70] (Fig. 10.1).

But what is that evidence? Histological studies on atherosclerotic plaques of 
diabetic patients showed a higher inflammatory cell infiltration compared to non- 
diabetics [71, 72]. There is also evidence of adventitial inflammation that extends 
into the tunica media inducing atrophy and fibrosis [71]. This inflammatory process 
leads to the production of vascular-stimulating factors that promote neovasculariza-
tion [73]. The newly formed blood vessels are friable and at risk of 
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microhemorrhage and extravasation of blood cells [74, 75]. Prevention of angiogen-
esis could suppress the positive feedback cycle generated by macrophage stimula-
tion and macrophage infiltration through microhemorrhagic vessels [76].

Clinical evidence shows elevated inflammatory markers such as CRP, TNF-α, 
and IL-6 as prognosticators for the development of atherosclerosis as well as dis-
ease progression in patients who have already been diagnosed with coronary artery 
disease [69, 70]. In the Women’s Health Study (WHS), women with an elevated 
hsCRP (high sensitivity CRP) greater than 3 mg/L and metabolic syndrome had 
twice the relative risk of cardiovascular disease than those below this hsCRP thresh-
old [31] (Fig. 10.4). The JUPITER trial further elaborates the use of anti-inflamma-
tory properties in similar population with reduction in primary end-point.

Inflammation may be important even in the consequences of coronary artery 
disease. Several studies have highlighted the role of inflammation and the immune 
system in acute and chronic heart failure [77–80]. Acute myocardial injury results 
in an inflammatory response that leads to tissue remodeling and scar formation [81, 
82]. However, there are limited data on the effect and role of the continued inflam-
matory process observed in chronic heart failure. Pro-inflammatory markers such as 
TNF-α as well as IL1β were found to be elevated in patients with abnormal heart 
function [83, 84]. This suggests that a continued inflammatory process in chronic 
heart failure can be a contributor to the progression of heart failure through remod-
eling and dysfunction.
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The proposed cellular and molecular mechanisms and pathways that induce the 
inflammatory cascade are several fold and reviewed in detail elsewhere in this vol-
ume (see Chap. 10). These include shear stress within blood vessels as a result of 
blood flow which can trigger an inflammatory response, resulting in the activation of 
pro-inflammatory transcription factors such as NF-Kβ. Inhibiting NF-Κβ in mice has 
been shown to prevent atherogenesis [85]. Another such pathway involves the hyper-
glycemic milieu of diabetes resulting in the previously described advanced glycation 
end products (AGE), activating RAGE receptors present on endothelial cells with 
subsequent activation of NF-Kβ and triggering an inflammatory response [86].

Furthermore, another mechanism involves an early response of endothelial injury 
(for details see Chap. 8), the decreased production of nitric oxide. Nitric oxide is 
hypothesized to prevent atherosclerosis by inducing vasodilation resulting in (a) 
reduced mechanical stress in the blood vessel wall; (b) reduced interaction between 
platelets and leukocytes with endothelial cells; (c) reduction and prevention of 
smooth muscle proliferation and migration [87–89]; and (d) reduced formation of 
macrophage foam cells (one of the first morphological changes associated with ath-
erosclerosis) [90–94]. Therefore, any decrease of NO will accelerate atherogenesis. 
Another important contributor to the inflammatory processes of diabetic atherogen-
esis is excess adipose tissue. As mentioned earlier, MCP-1 secreted by adipose tis-
sue can decrease insulin sensitivity and attract immune cells. Adipocytes can 
increase the expression of adhesion proteins such as ICAM-1, VCAM-1, and 
E-selectin which would attract monocytes to the endothelium of blood vessels [95]. 
These monocytes migrate to the subendothelial tissue adjacent to the adipocytes and 
differentiate into macrophages contributing to atherogenesis [96].

 Current Treatments, Novel Therapies, and Future Potential

 The Effect of Oral Hypoglycemic Medications on Inflammation 
(Table 10.1)

Metformin is the first line of medical treatment for Type II diabetes mellitus and has 
shown benefits in reducing cardiovascular disease in diabetics [102–104]. Metformin 
has anti-inflammatory properties which can be one of the mechanisms by which it 
aids in treating both diabetes and cardiovascular disease [105–107]. The exact 
mechanism by which metformin exerts its anti-inflammatory effect is not fully 
understood. Studies have shown that metformin is able to reduce cytokine produc-
tion such as IL-6 through the inhibition of TNF-α, TN-signaling cascade, and sub-
sequently NF-Kβ [105]. Metformin induces AMPK (5′-AMP activated protein 
kinase), a key regulator in cellular energy homeostasis, which has been shown to 
directly decrease the formation of reactive oxygen species [108, 109]. The benefi-
cial effects of metformin on cardiovascular disease can possibly be independent of 
its effect on hyperglycemia with observational studies in animal models showing 
effects on infarct size in coronary events as well as effects on the progression of 
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Table 10.1 The effects of oral hypoglycemic medications on inflammation

Drug
Mechanism of 
action Main finding

Limitations/
remarks References

Metformin Activate 
AMPK

Reduce cytokine 
production such as IL6 
through the inhibition of 
TNF-α-signaling 
cascade and 
subsequently NF-Kβ

No effect on 
carotid intima 
thickness

[115]

Sulfonylurea K-ATP 
channels of β 
cell plasma 
membranes

Modest to no reduction 
in inflammatory markers

Risks of 
hypoglycemia

[118, 125, 
130–132]

GLP-1 agonists Activates 
GLP-1 
receptor

Increase insulin 
secretion; decrease in 
inflammatory markers 
such as TNF-α, IL1, and 
IL6; decrease in the 
expression of pro- 
inflammatory nuclear 
transcription factors and 
the production of 
endothelial adhesion 
molecules

Decrease risk of 
death from 
cardiovascular 
causes, nonfatal 
myocardial 
infarction, or 
nonfatal stroke

[119–122]

Thiazolidinediones Activate 
nuclear 
transcription 
factor PPAR-γ

Decrease serum levels 
of MMP-9 and CRP, 
inflammatory markers; 
increase adiponectin

Increase risk of 
CHF, MI, mortality

[112–119]

SGLT2 inhibitors Inhibits 
SGLT2 
receptors at 
the proximal 
tubule

Reduction in TNFR1, 
IL-6, MMP7, and FN1 
as well as leptin

Increase risk of 
euglycemic 
ketoacidosis, 
amputation, and 
vulvovaginitis

[122–125]

DPP4 inhibitors Inhibit DPP-4 
activity, 
increase post 
prandial 
incretin levels

Decrease inflammatory 
cytokines, and 
biomarkers and CRP

Protection against 
endothelial 
dysfunction and 
atherosclerosis 
progression

[133–140]

SGLT2 sodium–glucose cotransporter 2, PPAR-γ peroxisome proliferator-activated receptor-γ, 
AMPK 5′ adenosine monophosphate-activated protein kinase, TNF tumor necrosis factor, ATP 
adenosine 5′-triphosphate, NF-Kβ nuclear factor kappa B, MI myocardial infarction, IL interleu-
kin, CRP C-reactive protein, TNFR tumor necrosis factor receptor, GLP glucagon like peptide, 
DPP-4 dipeptidyl peptidase 4, MMP7/9 matrix metallopeptidase 7/9, FN1 fibronectin 1

heart failure [110–113]. However, human studies remain inconclusive when it 
comes to the beneficial effect of metformin on cardiovascular disease in non- 
diabetic patients [102, 114, 115].

Thiazolidinediones (TZDs), a family of Peroxisome Proliferator-Activated 
Receptor (PPAR-γ) agonists, have been used in the treatment of diabetes mellitus. 
PPAR-γ plays a role in the inflammatory process in diabetes and cardiovascular 
disease as mentioned earlier in this article. TZDs can improve insulin sensitivity by 
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regulating the expression of several proteins in the insulin-signaling pathway [116]. 
One member of the TZD family, rosiglitazone, showed a reduction in CRP levels 
when administered to patient with type II DM [117] in an observational study. 
However, clinical results are mixed. In one study, the use of pioglitazone in type 2 
DM subject showed a reduction in cardiovascular morbidity [118] while a subse-
quent study revealed that in the older populations, rosiglitazone was associated with 
an increased risk of congestive heart failure, acute myocardial infarction, and mor-
tality when compared with other combinations of oral hypoglycemic agents [119].

Glucagon-like peptide-1 (GLP-1) agonists are another class of medications used 
in diabetes that has shown some anti-inflammatory effects. GLP-1 is an intestinal 
hormone that increases glucose stimulated insulin secretion [120, 121]. Several stud-
ies have shown a decrease in inflammatory markers such as TNF-α, IL-1, and IL-6 
[122]. They also show a decrease in the expression of pro-inflammatory nuclear 
transcription factors and the production of endothelial adhesion molecules [123–125].

The Sodium-Glucose co-Transporter 2 (SGLT2) inhibitors, a relatively newer 
class of oral hypoglycemic agents, has benefit in cardiovascular disease [126] but 
limited data on its effect on inflammation despite some evidence on reduction in cyto-
kines such as IL-1, IL-6 as well as leptin [127–129] suggesting the possibility that the 
cardiovascular benefits of this class may be related to its anti- inflammatory effect.

Sulfonylureas increases insulin secretion via the stimulation of pancreatic beta 
cells. There have been multiple studies to determine if sulfonylureas have any anti- 
inflammatory effects. In most studies, there has been a modest to no reduction in 
inflammation compared to other agents used in type II DM [118, 125, 130–132].

Dipeptidyl peptidase 4 (DDP-4) inhibitors (referred to as gliptins) are another 
class of oral hypoglycemic agents that exert their effects through inhibition of the 
enzyme dipeptidyl peptidase as their name suggests. This enzyme is responsible for 
degrading incretins, glucagon-like peptide-1 (GLP-1), and glucose-dependent insu-
linotropic peptide which results in more insulin and less glucagon secretion. Studies 
on the effects of DDP-4 inhibitors show a significant reduction in inflammation. 
DDP-4 inhibitors have been shown to significantly reduce the pro-inflammatory 
markers such as Toll-like receptors, i.e., TLR-2, TLR-4, and CRP and IL-6 as well 
as providing protection against endothelial dysfunction and atherosclerosis progres-
sion [133–140].

 The Effect of Anti-inflammatory Drugs on Type 2 Diabetes 
Mellitus and Cardiovascular Disease

 Trials on Type 2 DM: (Table 10.2)

Several trials have attempted to target-specific molecular pathways involved in the 
inflammatory cascade. High-dose aspirin in one study not only improved glucose 
metabolism in type 2 DM [154]. It has been shown to inhibit I(kappa) B kinase-beta 
which, in turn, reduces translocation of NF-Kβ into the nucleus as part of the inflam-
mation cascade [155]. TNF-α antagonists used to treat inflammatory conditions 
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Table 10.2 Effect of anti-inflammatory drugs on type 2 diabetes mellitus

Drug Mechanism
Study 
name Main finding References

Diancerein Decreases cytokine 
concentrations TNF-α 
and IL-1β, with an 
unknown mechanism 
of action

N/A Increase in insulin 
secretion, decreases in 
fasting glucose and HbA1c 
(P < 0.001)

[141]

Methotrexate DHFR inhibitor—
DMARD combination 
with sulfasalazine and 
hydroxychloroquine

N/A Decrease levels of HbA1c 
by 0.8 mmoles/mole 
(−0.08%) (P = 0.018)

[142]

Methotrexate
Hydroxychloroquine

DMARD N/A Decrease risk of diabetes 
with and HR of 0.77 (95% 
CI, 0.53–1.13) for 
methotrexate, and 0.54 
(95% CI, 0.36–0.80) for 
hydroxychloroquine

[143]

Hydroxychloroquine DMARD N/A Decrease risk of diabetes 
with a RR of developing 
diabetes of 0.23 (95% 
confidence interval, 
0.11–0.50; P < 0.001)

[144]

Methotrexate
Hydroxychloroquine

DMARD N/A Decrease in HbA1c 0.54% 
greater in patients on HCQ 
vs MTX (P = 0.041)

[145]

Canakinumab Monoclonal antibody 
targeting interleukin-1β

N/A Reduction of HbA1c 
between 0.19% and 0.31% 
with maximal effect noted 
in the 50 mg dose of 
canakinumab

[146]

Canakinumab Monoclonal antibody 
targeting interleukin-1β

N/A Increase insulin secretion [147]

Canakinumab Monoclonal antibody 
targeting interleukin-1β

N/A Reduce major 
cardiovascular events but 
not incidence of diabetes 
with an HR of 1.02 (95% 
CI: 0.87 to 1.19; P = 0.82)

[148]

Anakinra Interleukin-1 receptor 
antagonist (IL-1Ra)

N/A No change in FBG or 
HbA1c levels (P = 0.03)

[149]

Anakinra IL-1Ra N/A Improvement of the 
proinsulin/insulin ratio and 
markers of systemic 
inflammation (by −0.07 
[95% CI −0.14 to −0.02], 
P = 0.011)

[150]
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Table 11.2 (continued)

Drug Mechanism
Study 
name Main finding References

Anakinra IL-1Ra N/A Decrease HbA1c by 46% 
(P = 0.03), increase 
C-peptide secretion 
(P = 0.05), decrease ratio 
of proinsulin to insulin 
(P = 0.005), Il-6 
(P < 0.001), and CRP 
(P = 0.002)

[151]

Etanercept TNF-α antagonism N/A Decrease CRP and 
interleukin 6

[152]

TNF-a-neutralizing 
antibody (CDP571)

Neutralizing TNF-α N/A No effect on insulin 
sensitivity

[153]

Salicylates Inhibit IKKβ activity N/A Improved fasting (24%) 
postprandial 
hyperglycemia, decrease 
basal rates of hepatic 
glucose production (22%) 
and insulin clearance 
(P < 0.0001); enhances 
peripheral insulin 
sensitivity

[154]

DHFR dihydrofolate reductase, TNF tumor necrosis factor, DMARD disease-modifying antirheu-
matic drug, IKKβ inhibitor of nuclear factor kappa-B kinase subunit beta, CRP C-reactive protein, 
FBG fasting blood glucose, NLRP NLR family pyrin domain containing 3

have been associated with improved glycemic control. However, most of the studies 
did not show effects on insulin sensitivity [135–140, 154–156]. The IL-1 receptor 
blocker, Anakinra was also used to target the inflammatory cascade in type 2 
DM. Anakinra reduced HbA1c levels, increased insulin C peptide secretion, and 
reduced the production of IL-6 and CRP. There was no drug-related adverse effect 
[149–151]. The IL-1beta antagonist, Canakinumab, also showed a similar decrease 
in HbA1c in some of the studies as well as a reduction in inflammatory markers 
including CRP and IL-6 [146–148, 150, 157].

Immunosuppressants used in the treatment of rheumatoid arthritis such as meth-
otrexate and hydroxychloroquine have shown some benefit in the control of diabe-
tes. Hydroxychloroquine has been associated with a decreased incidence of diabetes 
as well as in reduction of HbA1C [143–145]. Similarly, Methotrexate was also asso-
ciated with decreased levels of HbA1c [142].

Diacerein, a medication that is used to treat some rheumatological diseases, is 
believed to decrease inflammation with a reduction in IL-1beta, TNF-α, IFN- 
gamma, and IL-12 through unknown mechanisms [158]. When administered to dia-
betics, diacerein caused an increase in insulin secretion with a resultant decrease in 
fasting blood glucose levels as well as HbA1c [141].
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 Trials on Targeting the Inflammatory Process Cardiovascular Disease 
as the End-Point

Two major trials have recently been published that target inflammation to potentially 
reduce acute cardiovascular disease. The Cantos Trial evaluated the effectiveness of 
Canakinumab in a randomized double-blinded trial that involved 10,061 patients with 
a previous myocardial infarction and an elevated high sensitivity CRP(>2  mg/L). 
Patients were given either subcutaneous canakinumab every 3 months or placebo. The 
canakinumab arm was split into three groups with each group getting a different dose 
of the IL-1beta antagonist (50 mg, 150 mg, 300 mg). Forty percent of the subjects in 
each arm were diabetic. The patients were followed for 2 years. The primary end-
points were nonfatal myocardial infarction, nonfatal stroke, and cardiovascular death. 
The study showed a decrease in the rate of cardiovascular events in the group receiv-
ing a 150 mg dose of canakinumab vs placebo with an event rate of 4.5 events per 100 
person-years in the placebo and 3.86 events per 100 person-years in the 150  mg 
canakinumab group. There was also a reduction of primary end-point events in the 
other groups receiving canakinumab, but they did not reach statistical significance 
when compared with the placebo group. The study also noted a reduction in CRP 
levels. However, there was a higher incidence of fatal infection in the canakinumab 
groups. Most importantly, there was no significant difference in all-cause mortality in 
any of the groups [159]. This trial did not publish whether diabetics had different or 
similar cardiovascular outcomes from the rest of each of the groups (Table 10.3).

The CIRT trial involved a low dose of methotrexate administered (15–20 mg 
weekly) to patients who had a previous myocardial infarction or multivessel disease 
with either type 2 DM or metabolic syndrome. The patients were divided into a low- 
dose methotrexate arm and a control arm and followed for 2.3 years. The primary 
end-point was a composite of nonfatal myocardial infarction, nonfatal stroke, or 
cardiovascular death (near the end of the trial, hospitalization for unstable angina 
that led to urgent revascularization was added to the primary end-point). Results 
revealed that low-dose methotrexate did not lower inflammatory markers IL-1b, 
IL-6, or CRP nor did it result in lower cardiovascular events compared to the control 
group. Moreover, methotrexate was also associated with elevations in liver enzyme 
levels, reductions in leukocyte counts and hematocrit levels, along with a higher 
incidence of nonbasal-cell skin cancers compared with the placebo group [101].

Colchicine is another anti-inflammatory drug that down regulates multiple 
inflammatory pathways and modulates the innate immune system [160–162]. 
Colchicine has broad anti-inflammatory action, which includes the disruption 
microtubules and having anti-mitotic effects as well as targeting the NLRP3 (NLR 
family pyrin domain containing 3) inflammasome activation of which leads to 
downstream IL-1beta and IL-6 upregulation. It may also inhibit the local inflamma-
tion caused by cholesterol crystals within plaques thereby reducing plaque disrup-
tion and acute coronary syndrome. The COLCOT trial [99] demonstrated the 
clinical efficacy of once-daily colchicine in patients with a recent admission for 
acute cardiovascular disease in subsequent admissions for further cardiovascular 
events including myocardial infarction, unstable angina, sudden death, and stroke. 
Both LoDoCo and LoDoCO2 trials tested whether low-dose colchicine influenced 
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Table 10.3 Effect of anti-inflammatory drugs on cardiovascular disease

Drug Mechanism
Study 
name Main finding References

Colchicine Disrupts microtubules, 
has anti-mitotic effects 
as well as targeting the 
NLRP3 inflammasome, 
inhibits local 
inflammation caused by 
cholesterol crystals 
within plaques

LoDoCo
LoDoCo-2

Lower risk of acute 
cardiovascular events 
(P < 0.001) (NNT = 11)
Lower the incidence of 
cardiovascular death or 
spontaneous myocardial 
infarction (composite 
end-point), ischemia-driven 
coronary revascularization, 
and spontaneous (HR = 0.69; 
95% confidence interval [CI], 
0.57 to 0.83; P < 0.001)

[97, 98]

Colchicine Disrupts microtubules; 
anti-mitotic effects; 
targeting the NLRP3 
inflammasome; inhibits 
local inflammation 
caused by cholesterol 
crystals within plaques

COLCOT Lowers the risk of death from 
cardiovascular causes, 
resuscitated cardiac arrest, 
myocardial infarction, stroke, 
and for urgent hospitalization 
for angina leading to coronary 
revascularization. (Hazard 
ratio, 0.71; 95% CI, 0.56 to 
0.90)

[99]

Colchicine Disrupts microtubules; 
anti-mitotic effects; 
targeting the NLRP3 
inflammasome, inhibits 
local inflammation 
caused by cholesterol 
crystals within plaques

COPS Higher rate of total death, 
non-cardiovascular death, in 
the colchicine group 
(P = 0.024)

[100]

Methotrexate DHFR inhibitor—
Inhibit binding of 
interleukin-1β to its 
receptor

CIRT No reduction in Il-1β, Il-6, 
CRP nor in cardiovascular 
events. (Hazard ratio, 0.96; 
95% confidence interval [CI], 
0.79 to 1.16)

[101]

cardiovascular outcomes in patients with stable coronary artery disease. In patients 
with acute [(LoDoCo) and chronic LoDoCO2] coronary disease, there was a com-
posite decrease in further acute cardiovascular events and out-of-hospital cardiac 
arrests in patients receiving 0.5 mg of colchicine daily compared with the placebo 
arm [97, 98]. The diabetics fared no differently in terms of cardiovascular events 
from their non-diabetic cohorts. However, the Australian COPS study [100] (of 
which 20% were diabetic) demonstrated that similarly dosed colchicine used in the 
same dosage as in previous studies caused an increase in the rate of all-cause death 
and in particular, non-cardiovascular deaths in the colchicine group compared to the 
placebo group with a specific increase in sepsis-related deaths. In conclusion, while 
targeted anti-inflammatory treatment is promising, more research is necessary 
before it becomes a mainstay in our treatment of high-risk patients with cardiovas-
cular disease, like those with diabetes mellitus (Table 10.4).
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Table 10.4 The metabolic and inflammatory effects of inflammatory mediators

Inflammatory 
mediator

Site of production/
release Metabolic effects Inflammatory effects

Interleukin-1 β Adipose tissue Potentiate insulin 
secretion from 
pancreatic β cells by 
increasing 
exocytosis

Neutrophil recruitment; 
stimulate synthesis of acute 
phase reactants by the liver

Interleukin-6 Adipose tissue, 
immune cells, skeletal 
muscles

Insulin resistance 
contributing to the 
development of 
diabetes and 
potentially the 
metabolic syndrome

Stimulate hepatic acute phase 
reactants production [C-reactive 
protein (CRP), serum amyloid 
A (SAA), fibrinogen, 
haptoglobin, and 
α1-antichymotrypsin]

Interleukin-18 Macrophages, 
endothelial cells, 
vascular smooth 
muscle cells, dendritic 
cells, and Kupffer cells

Associated with 
obesity, insulin 
resistance, and has 
been shown to be 
elevated in subjects 
with metabolic 
syndrome

Involved in several autoimmune 
diseases, metabolic syndrome, 
psoriasis, inflammatory bowel 
disease, macrophage activation 
syndrome, and acute kidney 
injury

Interleukin-33 Epithelial cells in 
barrier tissues, 
fibroblastic reticular 
cells in lymphoid 
organs and glial cells in 
nervous tissues with 
species specific 
differences

Affects glucose 
uptake; glycolysis, 
improve glucose 
tolerance; and 
attenuate cellular 
insulin sensitivity

Involved in inflammatory 
diseases such as rheumatoid 
arthritis, asthma, psoriasis and 
CNS; affects macrophage 
polarization and T-regulatory 
cells activation

Tumor 
necrosis 
factor-alpha

Adipose tissue, skeletal 
cells

Insulin resistance 
and development of 
type II DM

Involved in apoptosis, 
differentiation, and cell 
recruitment promoting 
inflammation

C-reactive 
protein

Hepatic tissue, smooth 
muscle cells, 
macrophages, 
endothelial cells, 
lymphocytes, and 
adipocytes

Insulin resistance, 
positively correlated 
with higher resting 
metabolic rate

Plays a role in apoptosis, 
phagocytosis, nitric oxide (NO) 
release; production of 
cytokines, particularly 
interleukin-6 and tumor 
necrosis factor-α

Interleukin-1 β Adipose tissue Potentiate insulin 
secretion from 
pancreatic β cells by 
increasing 
exocytosis

Neutrophil recruitment; 
stimulate synthesis of acute 
phase reactants by the liver

Interferon- 
gamma

T-cells and NK cells Insulin resistance, 
increase adipose 
tissue size

Potentiate pro-inflammatory 
signaling by priming 
macrophages; inducing nitric 
oxide (NO) production and 
inhibiting NLRP3 
inflammasome activation
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Chapter 11
The Role of Sleep Apnea in Diabetes 
Mellitus and Cardiovascular Disease

Amit Anand, Jay Patel, and Melanie Pogach

 Introduction

Sleep-disordered breathing (SDB), which encompasses both obstructive sleep 
apnea (OSA) and central sleep apnea (CSA), is highly prevalent in patients with 
cardiometabolic disease. A growing body of evidence supports a causal association 
between SDB and incidence and morbidity of hypertension (HTN), coronary heart 
disease (CAD), arrhythmia, heart failure (HF), stroke, and type 2 diabetes (T2DM) 
[1]. While the subgroups of SDB are attributed to different pathophysiologies, they 
often coexist in the same patient, especially in patients with co-morbid cardiometa-
bolic disease, such as HF or atrial fibrillation (AF). Recognition and treatment of 
SDB may impact cardiovascular disease morbidity. This chapter will discuss cur-
rent understanding of the pathophysiology and mechanisms of SDB, links between 
SDB and cardiovascular disease, and the impact of SDB treatment on cardiovascu-
lar outcomes.
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 Definitions

OSA is a type of sleep-related breathing disorder characterized by recurrent epi-
sodes of total (apnea) or partial (hypopnea) upper airway collapse during sleep, 
despite ongoing respiratory effort, which results in intermittent hypoxia and hyper-
capnia and terminates in arousal from sleep with reopening of the airway [2].

CSA is a sleep breathing disorder characterized by repetitive cessation or 
decrease in both airflow and ventilatory effort during sleep. The condition can be 
primary (i.e., idiopathic CSA) or secondary. Secondary CSA can occur with 
Cheyne-Stokes breathing (CSB), a medical condition, a drug or substance (such as 
with narcotics), or high-altitude periodic breathing [3]. CSA is defined as ≥5 central 
apneas and hypopneas per hour of sleep (central apnea hypopnea index, CAHI ≥ 5) 
with CAHI accounting for >50% of all respiratory events [4].

The diagnostic and scoring criteria used for SDB are biased toward obstruction, 
in part due to difficulty reliably differentiating central verses obstructive hypopneas 
[5]. Central and obstructive physiologies may coexist, the central component often 
unrecognized clinically, impacting treatment tolerance and efficacy.

The severity of sleep apnea is determined by the number of respiratory events 
(apneas and hypopneas) per hour of sleep during a sleep study, referred to as the 
apnea–hypopnea index (AHI). The AHI 4% index requires that hypopneas are asso-
ciated with at least a 4% decrease in oxygen saturation. The AHI 3% or arousal 
index, the alternative Academy of Sleep Medicine (AASM) definition, includes 
hypopneas that are associated with at least 3% decrease in oxygen saturation or an 
arousal from sleep. The higher the AHI, the more severe the sleep apnea (mild 
SDB = AHI ≥ 5 and < 15 events/h of sleep; moderate = AHI = 15–30 events and 
severe = AHI ≥ 30 events) [6]. The respiratory disturbance index (RDI), a marker 
of sleep fragmentation, includes apneas, hypopneas, and respiratory effort-related 
arousals (RERAs) per hour of sleep on a sleep study. These different definitions are 
often used interchangeable in the literature and it is important to know which defini-
tion was used (or is recognized by various insurers for treatment coverage) 
(Figs. 11.1, 11.2, and 11.3).

 Prevalence and Risk Factors

SDB is a common disorder. Population-based studies suggest that OSA of all severi-
ties affects up to 34% of middle-aged men and 17% of middle-aged women [8]. The 
prevalence is considerably higher in patients with cardiometabolic disease and con-
tinues to rise as the population grows more obese [9–11]. Accurate phenotyping of 
the different types of sleep apnea is limited using conventional polysomnography 
such that the true prevalence of CSA remains uncertain.

While OSA is attributable to upper airway anatomy, it is also affected by control 
of breathing and arousal threshold. CSA (in states of hyperventilation) is primarily 
due to unstable control of breathing or chemoreflex instability, though upper airway 
features also contribute. In some patients with SDB, increased arousability or low 
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Flow
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Discrete Hypopnea
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Fig. 11.1 Ventilatory events in sleep-disordered breathing detected in sleep studies. RERA: respi-
ratory effort-related arousal [7]

Fig. 11.2 Polysomnogram snapshot from a patient with obstructive sleep apnea with REM- 
dominant obstructive events. Ten-minute compression, each vertical line is 30 s
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Fig. 11.3 Central sleep apnea with long cycle periodic breathing. Polysomnogram snapshot from 
a patient with congestive HF. Ten-minute compression, each vertical line is 30 s. In the top portion, 
depicting non-REM sleep, there is self-similar waxing and waning flow and effort with 45–50 s 
cycle duration. Breathing stabilizes during the bottom portion, depicting REM sleep

arousal threshold amplifies the abnormalities of upper airway anatomy or breathing 
control. Obesity is the primary risk factor for OSA. However, 20–40% of patients 
with OSA are not obese. Certain craniofacial features, such as retrognathia or nar-
rowed nares also contribute. HF is the main cause of CSA.

 Pathophysiology

 Obstructive Sleep Apnea

There have been significant advances in the understanding of OSA over recent 
decades. The pathogenesis of OSA is attributed to complex interactions between 
upper airway anatomy, arousal threshold, and breathing control that alter the bal-
ance between forces promoting airway patency and those promoting airway col-
lapsibility. There are four main physiological traits or OSA phenotypes that are 
recognized: (1) upper airway anatomy that is narrow and/or collapsible; (2) inade-
quate responsiveness of the upper airway dilator muscles during sleep; (3) low 
respiratory arousal threshold; and (4) unstable or overly sensitive respiratory con-
trol, a concept referred to as high loop gain (defined as a large ventilatory response 
to a change in ventilation) [12–15].
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Anatomic contributions from adipose deposition, soft tissue (i.e., tonsillar hyper-
trophy, enlarged uvula), craniofacial features (such as small mandible or maxilla 
and/or narrowed or obstructed nares), large base of tongue, and elongated palate 
contribute to a reduced cross-sectional area of the upper airway during sleep The 
impact of body and neck position on the airway lumen, recumbent fluid shifts from 
the lower extremities and trunk, and snoring-related vibratory damage to intramu-
cosal nerve endings may also contribute to airway collapsibility in OSA. During 
wakefulness, the pharyngeal dilator muscles (which include the genioglossus) have 
increased tone known as the “wakefulness drive.” These dilator muscles relax dur-
ing sleep, most pronounced in rapid eye movement (REM) sleep, contributing to 
upper airways resistance [16, 17]. Other factors that promote upper airways resis-
tance during sleep include negative intrathoracic pressure during apneic events and 
decreased tracheal tug from reduced lung volumes (especially during supine body 
position) [18, 19]. Repeated arousals lead to fragmented sleep and result in chronic 
partial sleep deprivation and possible symptoms of insomnia, excessive daytime 
sleepiness, decreased quality of life (QOL), mood disturbance, impaired vigilance 
and attention, and increased risk of motor vehicle and workplace accidents [20]. 
High loop gain is an exaggerated response of the respiratory system to slight 
increases in the CO2 level. An event of OSA causes hypoxia and hypercapnia, lead-
ing to an increase in neuronal activity and ventilatory drive and arousal. The 
increased ventilatory drive in turn results in negative luminal pressure, further 
increasing the likelihood of airway collapse [21].

Chronic exposure to SDB events is associated with a profile of systemic distur-
bances that include increased inflammation, oxidative stress, sympathetic activa-
tion, fatty acid lipolysis, alterations of the hypothalamic–pituitary axis, endothelial 
dysfunction, and coagulopathy. These pathophysiologic disturbances are the inter-
mediaries linking OSA to cardiac and metabolic disease.

 Central Sleep Apnea

CSA is attributed to heightened peripheral and central chemo-responsiveness. In 
CSA there is a tendency toward hyperventilation during both sleep and wake, result-
ing in relative hypocapnia. As a result, one’s CO2 level during sleep (most notably 
during non-REM) falls below their apnea threshold (hypocapnic apnea threshold, 
HAT), the level of PaCO2 below which a central apnea occurs. Pulmonary conges-
tion which may occur in HF also contributes to a state of relative hyperventilation 
[22, 23]. The cycle length (the cycle duration of the periodic breathing pattern) in 
CSA is proportional to the lung to chemoreceptor circulation time, and inversely 
proportional to cardiac output. In systolic HF, periodic breathing cycle length is 
longer (>45 s cycles), while short cycle periodic breathing (<45 s cycles) is seen in 
idiopathic CSA, high altitude, and complex apnea (when LVEF is preserved) 
(Fig. 11.4, Table 11.1).
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Fig. 11.4 Schematic demonstrating proposed pathogenetic mechanisms leading to obstructive 
apneas [24]
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Table 11.1 OSA and CSA features [25]

Sleep apnea types and characteristics

Feature Obstructive sleep apnea
Central sleep apnea, periodic 
breathing

Fundamental 
mechanism

Upper airway collapsibility Decreased (hypercapnic CSA) or 
increased sensitivity (hypocapnic 
CSA and PB) of the respiratory 
chemoreflex

Dominant 
presentation

Excessive sleepiness/fatigue Insomnia/fragmented sleep

Sleep stage of 
expression

REM > NREM (can be nearly exclusively 
REM)

NREM (can be exclusively 
NREM)

Visual 
morphology

Absent or reduced flow during ongoing or 
increasing effort

Absent of reduced flow with 
absent effort, or concordant 
reduction in flow and effort

Deep “V” shaped oxygen desaturations 
Individual respiratory event durations tend 
to vary

PB has metronomic waxing- 
waning appearance and regular 
cycle time from one peak or one 
event to the next (clone/mirror 
image-like)

Can cause long periods (tens of seconds) 
of partially obstructed flow

“Band” oxygen desaturations 
(consecutive dips are identical 
over a several minutes)
Opiates induced NREM-dominant 
mixtures of obstructive and 
central apnea, with an ataxic 
pattern

Associated 
conditions

Obesity, anatomical narrowing, male 
gender, and race effects

Heart failure (systolic or 
diastolic), high altitude. Race 
effects not known at sea level.
Hypertrophic cardiomyopathy- 
typically mixed obstructive and 
central
Opiates have unique features—
slightly hypercapnic
COPD, neuromuscular disorders, 
neurological disorders for 
hypercapnic CSA
Craniovertebral junction 
anomalies including Arnold- 
Chiari malformation

(continued)
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Table 12.1 (continued)

Sleep apnea types and characteristics

Feature Obstructive sleep apnea
Central sleep apnea, periodic 
breathing

Treatments CPAP, BPAP for pressure intolerance, 
surgery, treatment of upper airway 
allergies, oral appliance, Provent (nasal 
EPAP), and weight loss

Adaptive ventilation, O2 
minimizing hypocapnia, 
acetazolamide, sedatives

Surgical approaches include tonsillectomy, 
nasal turbinate reduction or septoplasty, 
advancing the tongue base, 
maxillomandibular advancement
Soft tissue reduction uses various 
techniques, each with relative advantages 
and disadvantages, including the “standard 
knife”, laser, coblation, somnoplasty.

Complications Hypertension, congestive heart failure, 
stroke, depression, metabolic syndrome 
and hyperglycemia—these are relatively 
well established

Atrial fibrillation—possible. This 
arrhythmia is common (40%) 
even in young individuals with 
idiopathic central sleep apnea

Triggering of cardiac arrhythmias 
including atrial fibrillation

Progression of heart failure 
remains unresolved Oxygen 
desaturations usually not severe 
enough to cause pulmonary 
hypertension

Possibly cancers, via hypoxia induced 
increases in vascular endothelial growth 
factor (VGEF) increases; supportive data in 
humans and rodents is very preliminary but 
biological plausible
Pulmonary hypertension

 SDB evaluation, Screening, and Diagnosis

Despite growing awareness about SDB from health professionals and the public, 
upwards of 80% of clinically relevant sleep apnea remains undiagnosed, dispropor-
tionally impacting women, ethnic and minority groups, and the elderly [26, 27], and 
routine screening for SDB in the general primary care practice has not been estab-
lished due to insufficient supporting evidence [28]. However, in subgroups of 
patients for whom there is a known high prevalence of SDB (as shown in Table 11.2), 
including those encountered in cardiology practices, screening and evaluation for 
SDB are strongly advised [31].

Questionnaires and clinical tools can inform screening for sleep apnea and pro-
vide insight regarding risk stratification, but no questionnaire or tool is able to defin-
itively rule in or out SDB. Validated questionnaires (shown in Figs. 11.5, 11.6, and 
11.7 and Table 11.3) include the following: (1) The Epworth Sleepiness Scale, an 
eight-question scale used to measure the degree of daytime sleepiness; (2) The 
Berlin Questionnaire, a ten-question test (divided into three categories) used to 
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Table 11.2 High-risk conditions for SDB

Severe obesity (BMI > 35 kg/m2)
Preoperative screening for gastric bypass surgery
Congestive heart failure
Hypertrophic cardiomyopathy
Recurrent atrial fibrillation
Nocturnal dysrhythmias
Treatment-resistant hypertension
Polycystic ovarian syndrome
Congestive heart failure
Type 2 diabetes
Stroke
Pulmonary hypertension
Commercial drivers
Adults with chromosomal abnormalities, such as Down’s Syndrome [29, 30]

Fig. 11.5 The Epworth Sleepiness Scale [30, 32]

predict high or low risk for OSA; and (3) The STOP-Bang, a questionnaire focused 
on identifying SDB risk in the perioperative population. Overnight oximetry is not 
considered an adequate screening tool for SDB due to loss of data and risk of false- 
negative (which can be seen in mild, non-hypoxic SDB) and false-positive (move-
ment artifacts) results.

The sleep study, including attended polysomnogram (PSG) and home sleep 
testing (HST) using portable monitoring (PM), remains the gold standard method 
to diagnose SDB. Attended or full montage PSG provides information on body 
position, respiratory pattern (flow and effort), oximetry, heart rate/rhythm (using 
single lead electrocardiogram), sleep architecture, motor activation, parasomnia 
activity, and when appropriate, capnography. Type III PMs, which include at least 
oximetry, nasal pressure and airflow, and respiratory effort (using plethysmogra-
phy) and usually also body position (via an accelerometer), have been validated to 
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Fig. 11.6 The Berlin Questionnaire [33]

b. No  
c. Don’t know If you snore

a. Yes  

2. Your snoring is: 

1. Do you snore?

Male / Female
BMI

Berlin Questionnaire

Category 1

a. Slightly louder than breathing 
b. As loud as talking 
c. Louder than talking 
d. Very loud – can be heard in adjacent rooms 

3. How often do you snore 
a. Nearly every day
b. 3-4 times a week 
c. 1-2 times a week 
d. 1-2 times a month 
e. Never or nearly never 

4. Has your snoring ever bothered other people? 
a. Yes
b. No  
c. Don’t Know  

5. Has anyone noticed that you quit breathing during your sleep?
a. Nearly every day 
b. 3-4 times a week 
c. 1-2 times a week 
d. 1-2 times a month 
e. Never or nearly never

Category 2:
6. How often do you feel tired or fatigued after your sleep? 

a. Nearly every day  
b. 3-4 times a week 
c. 1-2 times a week  
d. 1-2 times a month 
e. Never or nearly never 

7. During your waking time, do you feel tired, fatigued or not up to par? 
a. Nearly every day  
b. 3-4 times a week
c. 1-2 times a week 
d. 1-2 times a month  
e. Never or nearly never 
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evaluate for OSA when there is a high pretest probability of moderate or severe 
disease as determined by a comprehensive sleep evaluation (clinical history, exam, 
comorbidities). PMs, which lack EEG data and thus provide no sleep stage infor-
mation or arousal scoring, underestimate the true severity of SDB compared to 
attended PSG.  PM is not recommended for use in conditions concerning for 
hypoventilation (such as neuromuscular disorders or advanced respiratory dis-
ease), cognitive impairment that may preclude ability to perform home test-
ing, or CSA.

8. Have you ever nodded off or fallen asleep while driving a vehicle? 
a. Yes 
b. No 

If yes: 9. How often does this occur? 
a. Nearly every day 
b. 3 -4 times a week 
c. 1 -2 times a week 
d. 1 -2 times a month 
e. Never or nearly never

Category 3:
10. Do you have high blood pressure?

Yes 
No 
Don’t know

Scoring : 
High Risk: if there are 2 or more Categories where the score is positive. 
Low Risk: if there is only 1 or no Categories where the score is positive.

Category 1 is positive if the total score is 2 or more. 
Item 1: if ‘Yes’, assign 1 point 
Item 2: if ‘c’ or ‘d’, assign 1 point 
Item 3: if ‘a’ or ‘b’, assign 1 point 
Item 4: if ‘a’, assign 1 point 
Item 5: if ‘a’ or ‘b’, assign 2 points 

Add points. 

Category 2 is positive if the total score is 2 or more points 
Item 6: if ‘a’ or ‘b’, assign 1 point 
Item 7: if ‘a’ or ‘b’, assign 1 point 
Item 8: if ‘a’, assign 1 point 
(item 9 should be noted separately).

Add points.

Category 3 is positive if the answer to item 10 is ‘Yes’ OR if the BMI of the patient is greater 
than 30kg/m 2.

Fig. 12.6 (continued)
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Fig. 11.7 STOP-Bang Questionnaire to assess the risk of obstructive sleep apnea [34]

Table 11.3 Clinical sleep apnea questionnaire and diagnostic accuracy [35]

Questionnaire Summary of questionnaire contents Diagnostic accuracy compared 
with AHI (>15 events/h) [267]

Berlin 
Questionnaire

10 questions pertaining to the following 3 
symptoms/signs:

•  Sensitivity: 0.77 (0.73–0.81)

• Snoring •  Specificity: 0.44 (0.38–0.51)
• Daytime sleepiness
• Hypertension
Patients classified by score as having low risk 
or high risk of OSA

STOP 
Questionnaire

4 questions regarding the following signs/
symptoms:

•  Sensitivity: 0.89 (0.81–0.94)

• Snoring •  Specificity: 0.32 (0.19–0.48)
• Sleepiness
• Observed apneas or choking
• Hypertension

STOP-BANG 
Questionnaire

4 questions regarding signs/symptoms plus 4 
clinical attributes:

•  Sensitivity: 0.90 (0.86–0.93)

• Snoring •  Specificity: 0.36 (0.29–0.44)
• Sleepiness
• Observed apneas or choking
• Hypertension
• Obesity (BMI > 35 kg/m2)
• Age (>50 years)
• Neck size
• Sex
Patients classified as low, intermediate, or high 
risk for OSA

Epworth 
Sleepiness 
Scale

8 questions asking patients to rate the likelihood 
of falling asleep in various daytime contexts

•  Sensitivity: 0.47 (0.35–0.59)

Patients classified as having normal sleep, 
average sleepiness, or severe and possibly 
pathologic sleepiness

•  Specificity: 0.62 (0.56–0.68)

AHI indicates apnea–hypopnea index, BMI body mass index, OSA obstructive sleep apnea
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 Treatment for SDB in General

The treatment goals for SDB include normalization of the AHI, preservation of 
oxygenation, resolution of symptomatology, as well as reduction in attributable car-
diovascular disease morbidity and mortality.

Continuous positive airway pressure (CPAP) is considered the gold standard 
treatment for SDB, especially effective in OSA [28, 30, 36]. Depending upon 
disease severity, patient preference and comorbidities, and upper airway and 
physical exam characteristics, a mandibular advancement device (MAD or dental 
appliance) may be a PAP alternative [37–39]. Most upper airway surgeries are 
considered adjunctive, not curative for SDB, as they can improve upper airway 
obstruction to allow for lower efficacious PAP pressure. Maxillomandibular 
advancement (MMA), a jaw advancement surgery, can provide long-term effec-
tive control of OSA in appropriate candidates [40]. Hypoglossal nerve stimulation 
can be considered in ideal candidates, specifically those with moderate to severe 
OSA intolerant to CPAP, without severe obesity who have anterior-posterior pre-
dominant retropalatal collapse as determined by drug-induced laryngoscopy. The 
therapy, which involves an implantable device (similar to a pacemaker) that senses 
chest wall movement and stimulates the hypoglossal nerve during sleep, enlarges 
the upper airway via contraction of the genioglossus muscle and protrusion of the 
tongue [41, 42].

Treatment for CSA can be more challenging to optimize. In addition to positive 
airway pressure treatment, off-label therapies to stabilize breathing and prevent ven-
tilatory overshoot may be needed. Such treatments include medications (acetazol-
amide, topiramate), carbon dioxide modulation, and supplemental oxygen [43, 44]. 
Phrenic nerve stimulation, a relatively new therapy for CSA, can also be consid-
ered [45].

Weight loss can lower the AHI and should be recommended in overweight and 
obese patients with SDB [46, 47]. A sleep study should be repeated after substantial 
weight loss (≥10% of body weight) to assess extent of residual SDB and whether 
treatment is still indicated or needs adjustment [29]. Body position during sleep 
impacts the size and patency of the upper airway, typically more narrowed and com-
promised in supine vs. side position [48, 49]. Positional training with maximization 
of side and avoidance of supine sleep may help in both OSA and CSA to minimize 
upper airways resistance and respiratory instability [46, 50–52]. Sedative hypnotic 
medications can be considered to increase arousal threshold and also to stabilize 
breathing [44].
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 Sleep Apnea and Heart Failure

Over 50% of patients with HF have comorbid SDB [53–58]. Moderate to severe 
SDB has been found to occur in 66% of patents with asymptomatic left ventricular 
systolic dysfunction [59]. More varied prevalence of SDB has been reported when 
the LV ejection fraction (EF) is preserved (HFpEF). Lanfranchi and colleagues 
found that only 25% of patients with HFpEF have SDB, while other studies report 
similar prevalence of SDB between HFrEF and HFpEF [59, 60]. The prevalence of 
diastolic dysfunction also increases with worsening severity of OSA [61]. CSA pre-
dominates in those with HFrEF, while OSA may be more common in HFpEF. Features 
of both types of SDB frequently coexist in the same patient, though OSA with high 
loop gain pathophysiology may be underrecognized clinically.

There are complex bidirectional interactions between HF and SDB pathophysiol-
ogies. Relative hypocapnia from pulmonary vascular congestion and heightened cen-
tral and peripheral chemo-sensitization in HF contributes to ventilatory overshoot, 
respiratory instability, and central apnea. The prolonged circulation time in HFrEF 
leads to a long cycle length of PB [62, 63]. SDB promotes sympathoexcitation con-
tributing to catecholamine induced myocyte injury; causes both systemic and pulmo-
nary hypertension; and results in ischemic and inflammatory injury, cardiac 
remodeling, and cardiac interstitial fibrosis. Chronic exposure to SDB events impacts 
left ventricular filling resulting in reduction in stroke volume and cardiac output [64], 
contributes to diastolic dysfunction and chronic pressure overload [65], and is associ-
ated with increases in concentric cardiac remodeling (ratio of LV mass and volume) 
[66]. Echocardiographic indices of dysfunctional diastole (increased E/A ratio or the 
ratio of peak velocity blood flow from LV relaxation in early diastole to peak velocity 
flow in late diastole due to atrial contraction and reduced isovolumic relaxation) are 
more pronounced in patients with SDB compared to controls [61, 67, 68].

Asymptomatic LV dysfunction is a known predictor of incident symptomatic HF, 
and SDB is a likely contributing factor. In fact, prospective studies have demon-
strated that SDB independently predicts new-onset HF in men [69] and in women 
[70]. A prospective study in which men and women without HF at the time of base-
line PSG were followed over nearly 9 years showed that OSA predicted incident HF 
in men, but not in women, and that men with severe OSA had a 58% increased 
likelihood of developing HF compared to men without OSA [69]. Prospective data 
over 14 years from the Atherosclerosis Risk in Communities Study (ARIC) showed 
a 30% increased incidence of HF or death in women with vs. without SDB [70].

Cheyne-Stokes respiration (CSR) is a predictor of increased HF severity and 
worse prognosis [71]. The Outcomes of Sleep Disorders in Older Men Study 
(MrOS) demonstrated that in older men, the presence of CSA and CSR predicted a 
nearly twofold increased incidence of HF [72]. In patients with HF, SDB is also a 
predictor of HF exacerbations, impaired QOL, worsening functional status, more 
frequent hospitalizations, arrhythmias, and increased mortality in patient. A single- 
center prospective study of nearly 1000 patients with chronic stable HFrEF treated 
with guideline-based therapy found that patients with comorbid CSA had the lowest 
survival [73].
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 Treatment of SDB in HF

Regardless of SDB phenotype, cardiopulmonary and volume status should be medi-
cally optimized prior to pursuit of outpatient PSG, as rostral fluid shifts from the 
lower extremities to the neck and upper airway can worsen obstruction and pulmo-
nary edema can exacerbate sleep hypoxemia and promote respiratory instability 
[53, 74, 75]. A meta-analysis evaluating the impact of cardiac resynchronization 
therapy (CRT), also called biventricular pacing, on sleep apnea in patients with 
HFrEF, found a significant reduction in AHI in CSA but not OSA [76]. In patients 
with HF, the presence of OSA has been shown to be associated not only with a 
decreased response to CRT but also with an increase in all-cause mortality [77]. 
Weight loss, when appropriate, and exercise are advised. Compression stockings 
can help reduce rostral fluid redistribution.

In HF as in any condition, treatment approaches for SDB and demonstrated clini-
cal benefits vary depending on SDB phenotype.

In patients with HF and OSA, CPAP treatment has been show to promote cardio-
vascular benefits. CPAP use during sleep lowers awake sympathetic nervous system 
activity [78]. Several studies have shown that CPAP treatment improves LVEF [79–
81], including a meta-analysis that found treatment of OSA with CPAP was associ-
ated with a 5.2% improvement in LVEF [82]. The reported impact of CPAP use on 
diastolic function has been inconsistent. While some studies have found no improve-
ment [79], one RCT demonstrated improvement in diastolic dysfunction with CPAP 
treatment for OSA in patients with HFpEF [83]. In a large retrospective observa-
tional study of over 30,000 Medicare beneficiaries (from 2003 to 2005) with newly 
diagnosed HF and without prior diagnosis of SDB, Javaheri and colleagues found 
that SDB was highly underdiagnosed (only 4% were suspected to have SDB and 
only 2% of the cohort were tested). However, those subjects diagnosed with and 
treated for SDB had fewer readmissions, reduced overall health care cost, and 
reduced mortality [84]. In light of the available evidence supporting a pathophysi-
ologic relationship between SDB and cardiovascular disease, the American Heart 
Association recommends screening for and if present treating SDB in patients with 
HF [85, 86].

Treatment for CSA in HF is more complicated and optimal treatment remains 
unclear.

While effective in the vast majority of OSA patients, CPAP is only partially 
effective in patients with CSA. When periodic breathing persists and CSA is not 
controlled, CPAP use in patients with HF may actually be harmful [87]. Respiratory 
stimulants, such as theophylline and acetazolamide, can stabilize breathing control 
in CSA, demonstrated in small studies and RCTs [88, 89]. Heart transplant cures 
CSA [90].

Adaptive servo-ventilation (ASV), a mode of non-invasive ventilatory treatment 
created for patients with central or complex sleep apnea, uses an algorithm that 
continuously adapts to the patient’s breathing pattern by delivering an auto- adjusting 
pressure support to stabilize periodic breathing [91]. The Treatment of Predominant 
Central Sleep Apnoea by Adaptive Servo Ventilation in Patients With Heart Failure 
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(SERVE-HF) trial evaluated the impact of ASV (using the RESMED device) on all- 
cause mortality, life-saving cardiovascular interventions, or unplanned hospitaliza-
tions for worsening HF in 1325 patients with symptomatic HFrEF (<45%) and 
coexisting moderate to severe CSA. Results revealed a significantly higher (34%) 
increase in CVD mortality in the ASV arm compared to controls, with the most 
pronounced findings in those with lower LVEF [92]. Potential explanations for the 
results include notably low adherence in the treatment arm, suboptimal control of 
CSA with ongoing pressure cycling, excessive ventilation, and possible adverse 
effects on hemodynamics in vulnerable patients. Given results of the SERVE-HF 
trial, ASV is felt to be contraindicated to treat predominantly CSA in patients with 
HFrEF with EF < 35% [93].

Another ongoing Multi-Centre, Randomized Study, the Effect of ASV on 
Survival and Hospitalizations (ADVENT-HF), anticipated to be completed in 
August 2021, is testing an alternative ASV device in patients with OSA or 
CSA. Preliminary data shows superior adherence compared to prior studies.

Use of nocturnal oxygen supplementation (NOS) has been extensively evaluated 
in CSA. NOS stabilizes chemo-sensitization, reducing respiratory instability, loop 
gain, and periodic breathing and mitigates sleep hypoxemia and has also been 
shown to improve exercise capacity [94, 95]. Randomized studies have shown that 
NOS decreases muscle sympathetic nerve activity (MSNA), LVEF, and QOL [96, 
97]. However, additional studies including RCTs are needed to clarify the role of 
NOS in the treatment of CSA in HF.

Transvenous unilateral phrenic nerve stimulation (remedē System, Respicardia, 
Inc., Minnetonka, MN, USA) is a potential therapy for patients with moderate to 
severe CSA. The system is a battery-powered device with two leads that is implanted 
in the upper chest. One lead provides therapy through stimulation of the phrenic 
nerve to cause movement of the diaphragm, while the other lead senses breathing 
via changes in intrathoracic pressure. Safety and efficacy data have been published 
[98]. The Pivotal trial, a prospective, multicenter, RCT of 151 patients with CSA 
(AHI > 20 events/h with at least 50% central apneas; 64% of those enrolled had HF, 
including both HFrEF and HFpEF), randomized to 6 months of transvenous unilat-
eral phrenic nerve stimulation (PNS) vs. no stimulation, demonstrated improved 
severity of sleep apnea (reduction in AHI from 51% to 11%, p < 0.001; CAI, ODI), 
QOL, and daytime sleepiness in the treatment arm. At 12 months, 91% of subjects 
remained without serious therapy-related adverse events [99].

 Sleep-Disordered Breathing and Arrhythmias

Data accumulated from epidemiologic and clinic-based studies shows that up to 
60% of patients with SDB demonstrate some types of cardiac arrhythmia during 
sleep [100–102]. SDB is associated with a variety of cardiac rhythm disturbances 
including AF, ventricular fibrillation (VF), ventricular tachycardia (VT), premature 
ventricular complexes (PVCs), accelerated idioventricular rhythm (AIVR), and pro-
nounced bradycardia and sinus arrhythmia [103]. Sudden cardiac death (SCD) has 
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also been linked to SDB. SDB events have been shown to directly trigger arrhyth-
mia, including episodes of VT and AF, with a 17-fold increase in rate of arrhythmias 
following apneic episodes compared to normal breathing [104].

There are several proposed mechanisms, supported by experimental data from 
human and animal studies, linking SDB to cardiac arrhythmia, including intermittent 
hypoxia and hypercapnia, dysfunctional endothelium, atrial remodeling, inflamma-
tion, hypercoagulability, and autonomic dysfunction. Autonomic nervous system 
fluctuations from OSA may precipitate conduction changes, predisposing the atria to 
arrhythmia and resulting in atrial remodeling [105]. Repeated changes in intratho-
racic pressure that occur during sleep apnea events impact cardiac afterload, atrial 
size, and also contribute to atrial remodeling [106]. Since increased respiratory effort 
is absent in CSA, other mechanisms causing sympathoexcitation including intermit-
tent hypoxia, catecholamine excess, and repeated arousals are implicated [107].

 Sleep Apnea and Atrial Fibrillation

AF is the most common cardiac arrhythmia. As seen with OSA, AF increases with 
age and BMI, though there is a stronger association between OSA and AF than 
between BMI and AF [108]. Both OSA and AF are often asymptomatic and thus are 
believed to be significantly underdiagnosed conditions.

Multiple epidemiologic, clinic-based, and experimental studies have established 
a direct association between SDB and AF [109]. Data from the Sleep Heart Health 
Study (SHHS) and the Osteoporotic Fractures in Men (MrOS) cohort of community 
dwelling older men show strong associations between SDB severity and arrhythmia 
[110, 111]. Findings from SHHC showed a two- to threefold higher odds of devel-
oping AF in CSA patients compared to controls [112], while data from MrOS 
showed a fivefold higher odds of AF in those with CSR compared to controls [111]. 
OSA severity and nocturnal hypoxia are strong predictors of new-onset AF [109]. 
AF patients with OSA compared to those without have a higher risk of hospitaliza-
tion and more severe symptomatology [113]. Analysis of SHHS data reveals a tem-
poral relationship between SDB events and episodes of arrhythmia, with an 
increased risk for paroxysms of AF observed during the 90  s after a respiratory 
disturbance as compared to normal breathing [104].

The 5-year AF recurrence rate following catheter ablation or cardioversion in 
general ranges from 25% to 60% [114]. The coexistence of OSA increases the AF 
recurrence rate by 40% [115].

While AF and OSA share important risk factors and comorbidities, including 
obesity, increasing age, HTN, and diastolic dysfunction, evidence supports indepen-
dent causal effects of OSA on cardiac function and structure [116, 117]. Multiple 
observational studies support that CPAP decreases the risk of AF recurrence follow-
ing cardioversion and ablation [9, 113, 118–120].

In a cohort (n = 426) of AF patients who underwent pulmonary vein isolation (PVI), 
in which 62 had confirmed OSA, those using CPAP (n = 32) had a significant AF-free 
interval (72% vs. 37%) compared to the untreated OSA patients (n = 30) and their 
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AF-free survival rate was similar to those without OSA [119]. A meta- analysis (which 
included eight studies, one of which was a RCT) of 698 CPAP users and 549 non-
CPAP users after an AF intervention found a 42% decreased risk of AF in those treated 
with CPAP, with the most pronounced benefit seen in younger, male, and obese patients 
[121]. Evaluation for and treatment of OSA should be pursued in patients with AF, 
especially in those with recurrent arrhythmia after cardioversion or ablation procedures.

 OSA, Bradycardia, and Sick Sinus Syndrome

SDB event-associated increases in vagal tone promote bradycardia and atrioventricu-
lar blocks and contribute to sick sinus syndrome (SSS). In a cohort of 98 patients 
with implanted pacemakers, 59% were found to have undiagnosed SDB identified by 
PSG [122, 123]. In patients with moderate to severe OSA who had loop recorders 
implanted, underwent two 24-Holter recordings, and were followed for 16 months, 
mostly nocturnal cardiac arrhythmias were detected in 47% of participants, with 
nearly half displaying severe bradycardic events or prolonged sinus pauses. 
Arrhythmias were significantly reduced by CPAP, within 8 weeks of use. There was 
significant weekly variation in the arrhythmia episodes such that the Holter record-
ings were insufficient at detecting the true prevalence or the beneficial impact of 
CPAP treatment [124]. A 2-year prospective study of 38 participants (mean age 67, 
68% male and 58% with comorbid HTN) with SSS found a considerably higher 
prevalence of SDB (32%, AHI > 10/h) as compared to in the general population [125].

 OSA and Ventricular Arrhythmias

SDB has also been associated with ventricular arrhythmias including ventricular 
premature complexes, VT, and VF. Patients with OSA have significantly higher fre-
quency of premature ventricular contractions (PVCs) compared to non-OSA 
patients (67% vs. 0–12%) [100], with the majority occurring during sleep and in 
association with apneic, not hypopneic episodes [126, 127]. Conversely, in CSA, 
hypopneas, rather than apneas, are more frequently associated with ventricular 
ectopy [128]. Namtvedt et al. [129] studied 486 subjects of whom 271 (56%) had 
OSA and 72 (14.8%) had severe OSA (as defined by AHI  ≥  30/h). Those with 
increasing severity of OSA had more ventricular premature complexes at night and 
during the day compared to patients without OSA [129]. Night-time hypoxemia, 
acidosis, increased sympathetic tone, and alterations in intrathoracic pressure dur-
ing sleep are plausible explanations for OSA-associated nocturnal ventricular 
arrhythmias [130–132]. CPAP treatment in OSA has been shown to decrease the 
24-h heart rate and reduce PVC frequency during sleep [133, 134].
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 SDB and Stroke

SDB is not only extremely common, impacting nearly three-quarters of post-stroke 
patients [135–140], but is associated with worse outcomes, including higher mortal-
ity [141–143] and worse functional status [144, 145]. A majority of stroke patients 
have OSA, with only 7% having primarily CSA, though, as described earlier, cen-
tral features tend to be underrecognized [146]. Several small studies, one of which 
identified a relationship only in men but not women, have found that patients with 
wake-up strokes have a higher prevalence of SDB than patients with non-wake-up 
strokes [147–149]. Multiple studies have established that SDB is an independent 
risk factor for incident (twofold increased risk) and recurrent stroke [150]. Given 
the high prevalence of SDB in patients with stroke, the American Academy of Sleep 
Medicine’s Adult Obstructive Sleep Apnea Task Force considers patients with 
stroke as a high-risk group for SDB and recommends performing a sleep study in 
stroke or TIA patients with SDB symptoms [30].

In light of the relationship between SDB and stroke, many studies have evalu-
ated whether CPAP, the gold standard treatment for SDB, improves outcomes 
after stroke or TIA. Older studies, including several RCTs, have shown inconsis-
tent results, attributed to small numbers with insufficient sample size to detect a 
treatment effect [139, 140, 151, 152]. More recent studies remain conflicted, but 
suggest that CPAP treatment, when initiated early for ischemic stroke patients 
with moderate to severe OSA, improves long-term outcomes [153, 154]. Sleep 
Apnea Cardiovascular Endpoints (SAVE, 2016) trial, which included 2717 sub-
jects between 45 and 75 years old with CAD or cerebrovascular disease and mod-
erate to severe sleep apnea who were randomized to CPAP plus usual care verses 
usual care alone and followed for a mean of 3.7 years, found no difference in 
stroke incidence (a secondary endpoint and component of the primary endpoint) 
between the two groups [11]. However, interpretation of the study results was 
limited by exclusion of patients with excessive daytime sleepiness or recent 
stroke and suboptimal CPAP use in the intervention group (3.3 h overall mean 
nightly duration, with only 42% using CPAP for ≥4 h) leaving significant residual 
untreated disease and diminishing ability to identify a difference between the 
study arms.

Based on the accumulating evidence regarding a relationship between OSA and 
stroke and suspected benefit of OSA treatment on stroke outcomes, the American 
Heart Association/American Stroke Association 2014 Guidelines for the Prevention 
of Stroke in Patients With Stroke and Transient Ischemic Attack states “1. A sleep 
study might be considered for patients with an ischemic stroke or TIA on the basis 
of the very high prevalence of sleep apnea in this population and the strength of the 
evidence that the treatment of sleep apnea improves outcomes in the general popu-
lation 2. Treatment with CPAP might be considered for patients with ischemic 
stroke or TIA and sleep apnea given the emerging evidence in support of improved 
outcomes” [155].
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 OSA and Hypertension

Obstructive apneas during sleep are associated with marked oscillations in arterial 
pressure, heart rate, and ventricular function. In normal human subjects, arterial 
pressure consistently decreases from waking to stable non-REM sleep. This drop in 
pressure is primarily attributable to a decline in cardiac output that occurs as a con-
sequence of decreases in heart rate. Numerous clinical studies have established that 
the normal decrease in arterial pressure is lacking in patients with OSA, i.e., “non- 
dipping” [9]. Instead, patients with sleep apnea experience repetitive surges in arte-
rial pressure with the peak arterial pressure occurring 5–7  s following apnea 
termination. These hemodynamic events occur in association with changes in sleep 
state, chemo-stimulation, lung volume, as well as intrathoracic pressure. These 
oscillations in pressure may be extreme and are greater in REM than in non-REM 
sleep even when matching for degree of oxygen desaturation [156]. These pressure 
increases are further augmented after an arousal from apnea. MSNA recordings 
from the peroneal nerve in patients with sleep apnea demonstrate a crescendo 
increase from the beginning to the end of each episode and contribute to increases 
in systemic vascular tone from a state of chronic sympathoexcitation [130, 157–
159]. These patients have elevated levels of circulating catecholamines, angiotensin 
II, endothelin-1, and aldosterone levels compared with control subjects 
(Fig. 11.8) [161].

Fig. 11.8 Recording of oxygen saturation (SaO2), end-tidal carbon dioxide (PETCO2), heart rate 
on electrocardiogram (ECG), arterial pressure by digital photoplethysmography (PPG, BP below), 
and muscle sympathetic nerve activity (MSNA) in a patient experiencing repetitive obstructive 
apneas during sleep. The peaks of arterial pressure occur after the resumption of ventilation [160]
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Epidemiologically, the relationship between HTN and SDB is well established. 
Approximately, 30% of patients with essential HTN have SDB and this increases to 
70% in patients with resistant HTN [162]. Moreover, nearly 50% of patients with 
SDB have HTN [163]. There appears to be a dose response relationship between the 
severity of OSA and incidence of elevated diurnal blood pressures [164, 165]. The 
Sleep Heart Health Study (SHHS) (n = 6132 patients) found the prevalence of HTN 
was 59%, 62%, and 67% in mild, moderate, and severe sleep apnea, respectively 
[166, 167]. The correlation between OSA and isolated diastolic or combined sys-
tolic–diastolic HTN was stronger than that for isolated systolic HTN.  A pooled 
meta-analysis estimated a 48% increased risk of HTN among individuals with OSA 
(pooled Hazard ratio 1.48; 95% CI 1.04–1.91) [168] even after controlling for con-
founders, such as age and obesity. The seventh national report of the Joint National 
Committee on prevention, detection, evaluation, and treatment of high blood pres-
sure (J.N.C. 7) identified OSA as a treatable cause for HTN [169].

It is widely accepted that the use of CPAP for the treatment of sleep apnea por-
tends benefit with respect to blood pressure control, even though the findings have 
not been universally consistent. Marin and colleagues followed a large cohort of 
patients for 12 years and found an increased risk for incident HTN among those 
with untreated OSA compared with those who adhered to a CPAP regimen and a 
control group (HR of 2.0 vs HR of 0.7) [170]. In a meta-analysis of nearly 1900 
patients prescribed CPAP, there was a relatively small reduction in systolic blood 
pressure (2.6  mmHg) [171]. However, the presence of uncontrolled or resistant 
HTN at baseline, as well as excessive daytime sleepiness, may be important predic-
tors of a reduction in blood pressure with CPAP therapy, independent of the severity 
of OSA [172, 173]. The effectiveness of other therapeutic measures, i.e., oral appli-
ances or upper airway surgery on blood pressure are less well studied. A meta-
analysis of patients prescribed mandibular advancement therapy for sleep apnea 
demonstrated similar reductions in systolic and diastolic blood pressures compared 
to patients prescribed CPAP [174]. It is well established that even small but sus-
tained decreases in blood pressure are associated with meaningful reductions in 
major cardiovascular outcomes, such as stroke and HF [175]. It is conceivable that 
the lack of larger reductions in blood pressure with treatment may be attributable to 
the presence of vascular remodeling from long-standing disease and may suggest a 
role for early therapy of sleep apnea as primary prevention of HTN.

 OSA and CAD

OSA and CAD share many risk factors, including obesity, advancing age, diabetes 
mellitus (DM), and male gender, promoting their coexistence in patients. Repetitive 
episodes of upper airway occlusion in OSA lead to intrathoracic negative pressure 
around the heart, increased left ventricular afterload, and increased myocardial oxy-
gen consumption at a time when oxygen delivery is compromised due to obstructed 
breathing and hypoxemia. This imbalance between myocardial oxygen demand and 
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supply is most heightened during REM sleep when apneas are characteristically 
longer and the severity of intermittent hypoxemia is greater. REM sleep itself has 
been associated with nocturnal angina, possibly through associated changes in auto-
nomic tone.

In the SHHS [105], a total of 1927 men and 2495 women 40 years of age or older 
and free of CAD and HF at the time of baseline PSG were followed for a median of 
8.7 years in a prospective longitudinal manner. After adjustment for multiple risk 
factors, OSA was found to be a significant predictor of incident CAD (myocardial 
infarction, revascularization procedure, or CAD death) in men less than 70 years of 
age, but not in older men or in women of any age. Among men 40–70 years old, 
those with severe OSA (AHI ≥ 30/h) were 68% more likely to develop CAD than 
those without OSA (AHI ≤ 5/h).

Conversely, SDB is also highly prevalent in patients with CAD. In a cohort of 
1425 patients with confirmed CAD starting cardiac rehabilitation who were screened 
for SDB, the prevalence of SDB (AHI ≥ 5/h) was 83%, with moderate to severe 
SDB (AHI ≥ 15/h) present in 53% [104]. Up to 70% of coronary artery bypass graft 
(CABG) recipients had an AHI  ≥  15/h vs. 33% of those who had not under-
gone CABG.

There is reasonable evidence that the development of significant hypoxemia dur-
ing sleep in patients with coexisting OSA and CAD can provoke myocardial isch-
emia reflected by either nocturnal angina or ST segment depression on ECG 
monitoring. It also appears that the treatment of OSA with nasal CPAP not only 
treats the OSA but also significantly reduces the prevalence of accompanying myo-
cardial ischemia during sleep.

Multiple prospective cohort studies have been conducted to better understand the 
relationship between CPAP use and its protective effects on CAD patients. Treatment 
with CPAP, even for a duration as short as 2 weeks, can reduce sympathetic activa-
tion, inflammation, endothelial dysfunction, and oxidative stress [122]. Increased 
duration of adherence to CPAP demonstrated greater benefits with respect to CAD 
end-points, such as myocardial infarction, ACS, or stroke [8, 123, 124]. While this 
was most evident in patients with severe OSA (mean AHI > 42/h) [176], there were 
also benefits in patients with mild to moderate disease [177]. Moreover, in a multi-
center randomized (CPAP vs. no active intervention) trial including 725 patients 
without history of cardiovascular events who had moderate to severe OSA 
(AHI  >  20/h) and no daytime sleepiness, a post-analysis of the data found that 
CPAP resulted in significant reduction of blood pressure and cardiovascular events 
when it was used for at least 4 h each night [178].

 OSA and Sudden Cardiac Death

Sudden cardiac death is defined as an unanticipated natural death from cardiac 
pathology within 1 h of symptom onset in a person without a known prior condition 
that would appear to be fatal [179]. According to the American Heart Association 
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(AHA), SCD is a leading cause of CVD mortality, with greater than 379,000 SCDs 
occurring per year [180].

SDB and nocturnal hypoxia are associated with SCD. In a single-center study of 
10,701 patients who underwent PSG and were followed for up to 5 years, Gami and 
colleagues discovered independent associations between nocturnal oxygen satura-
tion nadir and SCD [181]. Every 10% decrease in nadir O2 saturation (cohort mean 
[SD] 93% + 3) was associated with a 14% increase in the risk of SCD [182]. A 2005 
retrospective study demonstrated that the relative risk of SCD was 2.57 times higher 
between midnight and 6 a.m. in patients with OSA compared to the general popula-
tion and the risk increased with increasing OSA severity [183]. Mutations in SCN5A 
that alters repolarization and predisposes individuals to ventricular arrhythmias 
have become increasingly recognized as a contributing factor in SCD [184, 185]. 
The electrophysiological changes associated with OSA may contribute to nocturnal 
SCD in patients with channelopathies and altered repolarization [184, 185].

From multiple studies conducted, there is little statistical evidence showing 
CPAP prevents ventricular arrhythmias and SCD.  A study done by Craig et  al. 
which satisfied all four Cochran criteria showed no significant change in ventricular 
arrhythmias in OSA patients following initiation of CPAP [133]. In another study, 
the prevalence of PVCs was reduced but the prevalence of VT remained unchanged 
[186]. Gami et al. have proposed that OSA patients have higher levels of SCD dur-
ing sleeping hours compared to the rest of the population since patient with OSA 
lose the cardioprotective period of increased vagal tone and autonomic stability 
seen in normal sleep [181–183].

 Sleep Apnea and Diabetes

The prevalence of DM has increased dramatically in the last three decades, with an 
estimated 29 million people, or 9.3% of the U.S. population, suspected of having 
diagnosed or undiagnosed disease and an additional 86 million adults estimated to 
have pre-diabetes (Centers for Disease Control and prevention, Diabetes 2014 
report card). T2DM represents 90–95% of all cases and with nearly 200,000 annual 
deaths, it ranks as the seventh leading cause of death in the U.S. Diabetes-related 
microvascular complications and cardiovascular disease are major causes of mor-
bidity, mortality, and worsening QOL for affected patients [187].

Similarly, the adverse health outcomes associated with another global epi-
demic—the obesity epidemic—has also reached staggering proportions. Increasing 
rates of weight gain have no doubt played a pivotal role in the rise of pre-diabetes 
and T2DM. It is estimated that 35–40% of U.S. adults have “Metabolic Syndrome,” 
a term used to ascribe the many health risks associated with “visceral” or “central” 
obesity (i.e., elevated blood pressure, insulin resistance, and abnormal lipid pro-
files) [188].

The increased prevalence of OSA (14–55% of the adult U.S. population) has 
mirrored the surge in obesity over the past two decades. A 4-year follow-up study of 
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the Wisconsin Sleep Cohort reported that a modest 10% weight gain predicted 32% 
increase in the AHI as well as sixfold odds of developing moderate to severe 
OSA. As a corollary, they reported that a 10% weight loss predicted a 26% decrease 
in AHI [189].

Not surprisingly, the prevalence of OSA is markedly elevated in both community 
and clinic-based, diverse ethnic cohorts of patients with T2DM, despite being 
underdiagnosed. Among individuals with OSA, the prevalence of T2DM has been 
estimated to be between 15% and 30%, with a higher prevalence in those with 
severe OSA [190–193]. Although obesity is often comorbid with T2DM and OSA, 
there is growing evidence that the relationship between OSA and T2DM is indepen-
dent of obesity. OSA severity was shown to be positively associated with the inci-
dence of T2DM independent of adiposity, during 12.8 years (median) of follow-up 
in a subpopulation (n = 1453) of participants of both the SHHS and Atherosclerosis 
Risk in Communities (ARIC) study [194]. A dose–response association was seen 
between severity of OSA and incident diabetes. Even after adjusting for adiposity, 
obese participants with severe OSA were at 2.03-times greater risk of incident dia-
betes than obese participants without OSA.  A meta-analysis of ten studies that 
included a total of 64,101 participants showed OSA is associated with incident dia-
betes, with an unadjusted pooled relative risk of 1.62 (95% CI, 1.45–1.80) and an 
adjusted pooled relative risk of 1.35 (95% CI, 1.24–1.47). The effects size of OSA 
on T2DM is larger than that for physical inactivity (RR of 1.20) but smaller than that 
for having a family history of diabetes (RR of 2.33) [195, 196].

 Pathophysiology in Relation to T2DM

OSA is a syndrome of cyclic upper airway obstruction that results in bouts of inter-
mittent hypoxemia (IH) and intrathoracic pressure–volume changes that terminate 
in repetitive cortical micro-arousals and blood pressure surges. Accumulation of 
excess fat in the neck, which is associated with visceral abdominal obesity, contrib-
utes to upper airway narrowing, increased collapsibility, decreased efficiency of 
dilator muscle contractility, and skeletal muscle dysfunction due to lipid accumula-
tion. There is a convincing literature showing that intermittent hypoxia (IH) and 
sleep fragmentation in OSA results in sustained increases in MSNA [130] and ele-
vation in markers of local and systemic inflammation [197]. The local and systemic 
inflammation of OSA may have contributory roles in the development of metabolic 
derangements, including insulin resistance associated with OSA.

OSA-associated inflammation is thought to arise from mechanical de-formation 
of the upper airway and intermittent hypoxia. The pattern of oxidative stress seen in 
OSA is similar to that seen with ischemia–reperfusion injury [198], resulting in 
acceleration of redox-activated signal transduction pathways. Hypoxia-inducible 
factor 1-alpha (HIF-1α) and nuclear factor kappa-light-chain-enhancer of activated 
B cells (NF-κB) play key roles in inflammation, especially in adipocytes, hepato-
cytes, and skeletal muscles [199, 200]. Gaines and colleagues [201] proposed that 
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central obesity, which precedes the development of OSA and metabolic dysfunc-
tion, may itself be a chronic low-grade inflammatory state as it creates conditions 
that perpetuate a vicious cycle of macrophage recruitment, impaired adipocyte 
function, and activation of genes that encode pro-inflammatory proteins.

The elevations in sympathetic activity and catecholamine secretion from the 
hypothalamic–pituitary–adrenal system induced by IH contribute to diurnal hyper-
tension and reduction in insulin sensitivity and insulin-mediated glucose uptake in 
the peripheral tissues [202, 203]. Elevations in cortisol and norepinephrine levels 
also effect organs involved in glucose counterregulation (i.e., pancreatic β cell 
secretion, hepatic glucose production, and adipocyte regulation of energy bal-
ance) [204].

A recent analysis of the SHHS demonstrated that OSA in REM stage sleep was 
independently associated with insulin resistance after controlling for OSA in non- 
REM sleep [205]. The large declines in interstitial glucose concentration during 
REM stage sleep in diabetic patients without SDB, likely a result of an increase in 
cerebral glucose utilization, were abolished in those patients with OSA. Using con-
tinuous interstitial glucose monitoring simultaneously with polysomnography, 
Bialasiewicz and colleagues found that the mean glucose levels were 38% higher 
during REM stage sleep in those patients with OSA [206]. This finding that OSA 
during REM sleep is adversely associated with glucose metabolism in patients with 
T2DM may have important therapeutic implications regarding the duration/timing 
of nightly CPAP usage, as REM stage sleep tends to cluster in the second half of the 
sleep period [207].

The relationship between diabetes and OSA is felt to be bidirectional and insulin 
resistance is a suspected link. OSA is not only prevalent in patients with T2DM but 
also in those with Type I DM, including younger and non-obese patients [208, 209]. 
OSA is frequent in disorders in which insulin resistance is a primary pathophysio-
logic abnormality. Obese women with polycystic ovarian syndrome (PCOS) have 
significantly higher fasting insulin levels than non-obese women with 
PCOS. Vgontzas and colleagues have reported that insulin resistance is the stron-
gest risk factor for OSA in women with PCOS, stronger than even BMI or testoster-
one levels [210]. A study of 30 patients with T2DM hospitalized for intensification 
of glycemic control found not only did nocturnal glycemic profiles improved sig-
nificantly but this improvement was also accompanied by 32% reduction in the 4% 
AHI after just 5 days. These patients did not experience any change in body weight, 
neck circumference, or self-reported sleep duration [211].

 Screening for OSA in Patients with T2DM

In 2008, the International Diabetes Federation Task Force on epidemiology and 
prevention recommended that health professionals caring for patients with either 
T2DM or SDB consider screening patients presenting with one condition for the 
other. The report acknowledged that untreated OSA is associated with worse 
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Fig. 11.9 Proposed interactions between obstructive sleep apnea (OSA) and diabetes. RERA: 
respiratory effort-related arousal; DM: diabetes mellitus [214]

glycemic control [212]. Westlake and colleagues compared the Berlin and Stop- 
Bang questionnaires with HST in 294 patients with T2DM and found that both 
questionnaires had low sensitivity and specificity [213]. In 2017, the American 
Diabetes Association recognized OSA as an important co-morbidity of T2DM and 
noted the benefits of OSA treatment on blood pressure control and QOL in patients 
with T2DM.  Hence, clinicians should consider working up a diagnosis of sleep 
apnea using a HST monitoring devices in diabetic patients, if clinically appropriate 
(Fig. 11.9) [215].

 Treatment

CPAP remains the gold standard treatment for patients with moderate to severe 
OSA with and without diabetes even though there are alternative therapies that may 
provide equivalent efficacy. The application of positive airway pressure establishes 
airway patency and has been associated with few arousals, lower AHI, improved 
oxygen saturation, and decreased daytime sleepiness. However, results from studies 
evaluating the effect of CPAP therapy on glycemic control and other markers of 
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inflammation have been inconsistent, despite showing evidence for improved insu-
lin sensitivity in patients with severe disease.

In a proof-of-concept study, Mokhlesi at al. assigned 13 patients with OSA and 
T2DM to either nightly CPAP or sham CPAP for 1 week under nightly observation 
in the sleep laboratory to ensure full compliance with the allocated treatment. Using 
a 24-h blood sampling technique, the mean plasma glucose levels decreased signifi-
cantly after 1 week of active versus sham CPAP treatment. This decrease was also 
associated with a trend toward lower 24-h mean insulin levels. Improvement in 
glucose levels was most prominent during the overnight period. Of interest, the 
beneficial effect with CPAP was larger in magnitude in patients with poor glycemic 
control at baseline [216].

There are many studies that have explored the effect of CPAP in patients with 
T2DM with follow-up of 1–6 months. Several randomized controlled trials have 
reported improvements in metabolic control, i.e., insulin sensitivity and glucose 
tolerance in patients with OSA treated with CPAP as compared to sham CPAP 
[217–219]. However, many of these studies showed no consistent effect of CPAP on 
glycemic control [220, 221]. In a randomized clinical trial consisting of 888 partici-
pants in the SAVE trial who were followed up for median of 4.3 years, there was no 
evidence that CPAP therapy affected glycemic control in those with diabetes, pre- 
diabetes, or diabetes risk over standard-of-care treatment [222]. Another recent ran-
domized trial demonstrated improvements in inflammation, insulin resistance and 
serum triglycerides only in patients with OSA who combined their CPAP use with 
weight loss during a 24-week period [223].

These conflicting results are in large part a function of differences in baseline gly-
cemic status, timing from disease onset/diagnosis, varying degrees of CPAP adher-
ence and efficacy, different methodology to assess glucose metabolism, and the use of 
anti-hyperglycemic agents, the numbers of which have been increasing. Some of the 
newer diabetic medications have focused on weight loss effects along with improving 
glycemic control. Therapies designed to reduce visceral adiposity may address the 
systemic root cause of OSA and DM in many patients. Bariatric surgery is considered 
an effective treatment for both diabetes and sleep apnea. It is now a recommended 
treatment for patients with diabetes and a BMI of greater than 40 kg/m2, with inade-
quate glycemic control despite lifestyle changes and optimal medical therapy.

Despite the inconclusive results, it is important to acknowledge the other benefits 
of CPAP in diabetic patients with OSA.  Reduction in daytime sleepiness and 
improved QOL are favorable outcomes. CPAP does improve blood pressure control, 
likely a consequence of decreases in sympathetic tone which may have significant 
benefits on the microvascular complications of diabetes [224–226].

Additional longer-term and larger studies are needed to explore if effective treat-
ment of sleep apnea can reduce the risk of developing T2DM. Such studies should 
explore the role of various lifestyle modifications, including weight reduction and 
physical activity, combined with CPAP therapy as a primary prevention strategy for 
pre-diabetes and T2DM early in the disease process.
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 Sleep-Disordered Breathing and High-risk 
Pregnancy Conditions

Preeclampsia, a potentially fatal, multisystem, progressive disorder of pregnancy 
impacting at least 5% of pregnancies worldwide, is a major cause of maternal and 
fetal morbidity and mortality. It is characterized by either new-onset HTN and pro-
teinuria or HTN and end-organ dysfunction. The disorder typically occurs after 
20-weeks gestation, but at times occurs post-partum, in previously normotensive 
women. The condition can also be superimposed on previously existing/chronic 
HTN. Gestational HTN is part of the preeclampsia spectrum. Gestational diabetes 
increases risk of developing both gestational HTN and preeclampsia.

The pathogenesis of preeclampsia is attributed to a combination of maternal and 
fetal/placental factors that promote placental oxidative stress and vascular reactivity 
and result in maternal systemic vascular and endothelial dysfunction, inflammation, 
and increased sympathoexcitation. Untreated OSA results in similar systemic 
pathophysiologic effects which are believed to be among the mediators linking 
OSA to cardiometabolic disease manifestations. Given the shared pathophysiology 
and mediators between OSA and preeclampsia, combined with weight gain, edema, 
and hormonal alterations of pregnancy that may increase the risk of developing or 
worsen pre-existing OSA, untreated OSA has been implicated as a potential con-
tributor to the development of gestational diabetes, hypertensive disease of preg-
nancy, and preeclampsia.

The prevalence of OSA in pregnancy is not known. However, an increased report 
of snoring in pregnant women, compared to pre-menopausal non-pregnant women 
(14–45% compared to 4%) has been shown in numerous studies, though the pres-
ence of a bed partner may confound such findings [227–233]. Obesity, a major risk 
factor for OSA, is increasing in prevalence—between 2005 and 2014, 50% of 
women in the US were overweight or obese, 37% of reproductive-age women were 
obese, and 10% were morbidly obese (BMI 40 kg/m2) [233]. Obese pregnant women 
are also more likely to have OSA [234]. Small studies using PSG to diagnose OSA 
in pregnant women have shown that OSA becomes more frequent later in preg-
nancy. In a study of 105 pregnant women with mean BMI of 33.4 kg/m2, 26.7% in 
third trimester vs. 10.5% in first trimester were found to have OSA (AHI ≥ 5/h) 
[235], while another study found moderate OSA (AHI ≥ 15/h) in 20% of subjects 
studied at 48 h post-delivery [236]. In a small case–control study, the prevalence of 
OSA, as diagnosed by PSG (AHI 4% or arousal ≥5/h), was 14/17 (82%) in hyper-
tensive, compared to 15/33 (45%) in normotensive pregnant women [237]. The pri-
mary risk factors for OSA in pregnancy include older maternal age, obesity, snoring, 
and history of chronic hypertension [236, 238].

OSA remains underdiagnosed both in the general population and in pregnancy. 
No SDB-related screening questionnaires have been specifically validated in preg-
nant women [239]. One prospective trial found low predictive parameters and high 
false-negative referral rates for pregnant woman with positive OSA screening by 
either the Epworth Sleepiness Scale or the Berlin questionnaire [240]. In a single, 
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large (over 1000 subjects analyzed) prospective trial of pregnant women, using gen-
eralized linear modeling, screening positive on the Berlin Questionnaire, but not 
with the Epworth Sleepiness Scale, was positively associated with hypertensive dis-
orders of pregnancy [240]. The specificity of the STOP-Bang questionnaire increases 
from 37% to 85% for all OSA severities when the serum bicarbonate level is greater 
than 28 mEq/L in addition to a score ≥3 [241]. Although not validated in pregnancy, 
adding a serum bicarbonate level greater than 28 mEq/L to scores ≥3 for the STOP- 
Bang questionnaire may be useful in pregnancy, since serum bicarbonate levels in 
pregnant women are normally lower due to respiratory alkalosis [242].

Sleep apnea is more prevalent in pregnant women with high-risk pregnancy dis-
orders than those without. While some small studies without objective testing to 
determine OSA have shown inconsistent results, studies that have used hypertensive 
disorders of pregnancy as an inclusion criteria and conducted objective testing for 
OSA via portable of attended PSG have found a greater prevalence of OSA in 
women with hypertensive disorders of pregnancy and preeclampsia [243, 244].

Pregnant women with sleep apnea also have a higher risk of adverse maternal 
and fetal outcomes compared to pregnant women without sleep apnea, shown in 
questionnaire studies, several large retrospective data-base studies, systematic 
reviews and meta-analyses. Associations between OSA symptoms and gestational 
HTN have been demonstrated [231, 232, 245–249]. Compared to pregnant women 
without OSA, pregnant women with OSA have a significantly higher risk of 
pregnancy- specific, medical and surgical complications including longer length of 
stay and need for Intensive Care Unit (ICU) admissions [249]. Data from the US 
National perinatal information center (from 2010 to 2014, including 1,577,632 
pregnant women, using ICD 9 codes) showed that pregnant women with OSA have 
increased risk of GDM (adjusted OR 1.51, 95% CI 1.34–1.72), PEC (adjusted OR 
2.22, 95% CI 1.94–2.54), and eclampsia (adjusted OR 2.95, 95% CI 1.08–8.02) and 
a 2.5- to 3.5-fold increase in risk of severe complications (cardiomyopathy, conges-
tive heart failure, total abdominal hysterectomy, ICU stay and hospital length of 
stay) [249]. A large retrospective cross-sectional analysis using the Nationwide 
Inpatient Sample (NIS) database (which included almost 56  million pregnancy- 
related inpatient hospital discharges) found that OSA was associated with increased 
odds of pregnancy-related morbidities (including PEC, eclampsia, pulmonary 
embolism, cardiomyopathy) and that women with OSA had a fivefold increased 
odds of in-hospital death [250]. Pamidi and colleagues, in a systematic review and 
meta-analysis, found that maternal sleep apnea was significantly associated with 
gestational HTN and preeclampsia (pooled adjusted odds ratio (OR) 2.34; 95% con-
fidence interval [CI], 1.60–3.09; 5 studies), and gestational diabetes (pooled aOR, 
1.86; 95% CI, 1.30–2.42; 5 studies) [248]. Self-reported poor-quality sleep has been 
associated with longer labor, cesarean section, and preterm births [251, 252]. 
Obesity, which is becoming increasingly common in women at the time of concep-
tion [234], is a major risk factor for both OSA and preeclampsia, and is also associ-
ated with increased cesarean sections [253]. Diagnosed OSA in pregnancy has also 
been associated with poor fetal outcomes [254, 255].
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Treating OSA in pregnancy may have important beneficial effects on maternal 
and fetal health. Two consecutive PSG studies (baseline followed by auto-titrating 
nasal CPAP) with simultaneous continuous blood pressure monitoring conducted in 
11 women with preeclampsia found to have upper airways obstruction during sleep 
resulted in reduction in blood pressure on the treatment night [(128 ± 3)/(73 ± 3)] 
when compared with the initial non-treatment study night [(146  ±  6)/(92  ±  4)], 
p = (0.007)/(0.002) [256]. In women with gestational diabetes, HTN, and obesity 
who have OSA, CPAP treatment improves maternal and fetal outcomes, when com-
pared to pregnant women with untreated OSA [256, 257]. Inspiratory airflow limita-
tion and improvement in vascular reactivity and HTN have also been demonstrated 
with CPAP treatment in preeclampsia [258].

Rather than an isolated, though potentially morbid event of pregnancy, placental 
implantation disorders are actually a marker of future gestational complications and 
later in life cardiovascular events for both mothers and their offspring [259–261]. 
Since the mid-1990s evidence from retrospective and prospective epidemiological 
registries, clinical studies, systematic reviews, and meta-analyses has been accumu-
lating showing that women with placental implantation disorders (such as gestation 
HTN and preeclampsia) are at an increased risk for long-term cardiovascular dis-
ease (including HTN, CAD, myocardial infarction, stroke, peripheral arterial dis-
ease, thromboembolism, and HF). Recent systematic reviews and meta-analyses 
provide strong support of the association of preeclampsia and future CVD [259, 
262, 263], such that the American Heart Association now recommends that a history 
of preeclampsia be considered a major risk factor for cardiovascular and cerebro-
vascular disease [264, 265]. A large (n  =  506,350 women) prospective registry- 
based study from Norway found that the severity of the placental implantation 
disorders resulted in additive risk for occurrence of major coronary events: 2.1-fold 
in those with history of preeclampsia, and 3.3-fold and 5.4-fold, respectively, when 
maternal preeclampsia was combined with intrauterine growth retardation or pre-
term birth [266].

OSA as a possible contributor to hypertensive disease of pregnancy and pre-
eclampsia and may be an intervenable target to halt the progression of life-long 
cardiovascular disease in women with high-risk pregnancy conditions and their off-
spring. More studies are needed to inform optimal timing for OSA assessment and 
treatment and to better clarify the effect of treating OSA on maternal and fetal 
outcomes.

 Summary and Future Directions

SDB is common in the general population, but even more prevalent in patients with 
comorbid cardiac and metabolic disease. Chronic exposure to SDB events is associ-
ated with a profile of systemic disturbances that are felt to contribute to and exacer-
bate the progression of cardiometabolic disease, while treatment of SDB has 
beneficial effects on these disorders and their progression. Treatment of OSA 

A. Anand et al.



363

lowers blood pressure, reduces rates of refractory HTN, increases left ventricular 
ejection fraction, decreases ventricular ectopy and the recurrences of and progres-
sion of AF, and may improve blood glucose control. CPAP, when used consistently 
in OSA and when the treatment is efficacious, leads to reduction in cardiac and 
cerebrovascular events and improvement in mortality. CSA is associated with wors-
ened HF outcomes, though the impact of treatment of CSA on cardiovascular out-
comes has not yet been clearly elucidated. Features of OSA and CSA often coexist 
in the same patient. Recognition of SDB phenotypes and their coexistence can 
inform treatment approaches and improve treatment tolerance, adherence, and clini-
cal benefit. Randomized control trials, with attention to disease phenotype and opti-
mal therapies, may provide further unbiased assessment of the impact of SDB 
treatment on cardiovascular disease morbidity and mortality.
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Chapter 12
The Metabolic Syndrome and Vascular 
Disease

Michael A. Via and Jeffrey I. Mechanick

 Introduction

Since its initial proposal in 1988 [1], the clinical diagnosis of metabolic syndrome 
(MetS) based on a constellation of findings has been recognized to predict adverse 
metabolic outcomes, especially atherosclerotic cardiovascular disease (CVD), type 
2 diabetes (T2D), and increased mortality [2, 3]. MetS is diagnosed using easily 
identifiable traits that signify insulin resistance in patients. Outside of a formal diag-
nosis, the concept that observable markers of dysmetabolism are predictive of CVD 
has been recognized since at least the 1920s [4]. Over the past century, changing 
lifestyle and environmental factors have contributed to the rising prevalence of 
MetS and the associated cardiovascular consequences.

The presence of MetS is defined by a grouping of individual elements (Table 12.1) 
associated with insulin resistance. Current evidence suggests that the combined risk 
of MetS may be greater than the sum of individual risks of each component [3, 11]. 
In an individual patient, the pathophysiology of insulin resistance is typically recog-
nizable as MetS for years to decades prior to the development of T2D or sustaining 
a cardiovascular event. Early identification provides greater opportunity for inter-
vention and meaningful mitigation [12]. Moreover, associated conditions such as 
hepatosteatosis, hypertension, abdominal and visceral adiposity, and polycystic 
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ovary syndrome in women represent the systemic effects of insulin resistance that 
both drive and are driven by the presence of MetS. This chapter focuses on the car-
diovascular risk that is present in patients with MetS and describes ways to address 
this common cause of morbidity and mortality.

 Defining the Metabolic Syndrome

Published guideline and position statements authored by professional medical orga-
nizations generally agree that the presence of MetS should be defined by a set of 
commonly measured clinical markers, though minor differences in defining factors 
and ranges exist (Table 12.1). Broadly, these include abdominal girth (WC), hyper-
glycemia, hypertriglyceridemia, hypertension, and low levels of high-density lipo-
protein (HDL) levels. Table 12.1 includes specific ranges for MetS definitions as well 
as relative weighting in each of these. Common to each of these sets of criteria is a 
constellation of metabolic disturbances centered on insulin resistance and obesity.

 Epidemiology

The prevalence of MetS depends somewhat on the defining criteria. Using data from 
the National Health and Nutrition Examination Surveys, and with defining criteria 
given by the National Cholesterol Education Program Adult Treatment Panel III 
(NCEP), approximately 35% of adults and nearly 50% of those above the age of 
60 in the U.S. have MetS [13]. Within the U.S., MetS prevalence varies regionally 
from 40% in the West North Central region to 30–35% in the South and to 29% in 
the Northeast and West Coastal regions [14].

Although the prevalence of obesity in Europe is significantly lower than in the 
U.S., the prevalence of MetS in Europe is similar to higher and ranges from 24 to 
65% in women and 43 to 78% in men using NCEP criteria [15]. In Asia, the preva-
lence of MetS is 20–30% and shows a linear increase over the past three decades 
[16]. In the Middle East, a meta-analysis of 59 published studies demonstrates an 
average prevalence of MetS to be 26% [17].

 Cardiovascular Risk

Patients with MetS universally exhibit increased cardiovascular risk. A Cochrane 
Library review that includes 87 prospective cohort studies using NCEP criteria to 
define MetS in 951,083 patients evaluated cardiovascular risks [18]. The relative risk 
for all-cause mortality was 1.54 (1.29–1.84; 95% CI). The relative risk for CVD 
mortality was 2.40 (1.87–3.08; 95% CI) and the relative risk for CVD itself was 2.35 
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(2.02–2.73; 95% CI). Similar increases in relative risk for myocardial infarction 1.99 
(1.61–2.46; 95% CI) and stroke 2.27 (1.80–2.85; 95% CI) were observed [18].

An approximate five-fold increase in prevalence of T2D is observed in patients 
with MetS [19]. In the Cochrane Library data set, exclusion of patients with T2D 
continues to demonstrate a significant increase in relative risk for cardiovascular 
mortality at 1.75 (1.19–2.58; 95% CI) [18].

 Insulin Resistance

Initially recognized as a reduction in systemic response to insulin and later described as 
the “ominous octet” [20], patients with insulin resistance exhibit a multiplicity of dys-
functions and dysregulations of metabolism. Many biochemical and hormonal path-
ways are involved [12]. These include pancreatic β-cell dysfunction resulting in impaired 
and delayed insulin release, excessive glucagon secretion during meals resulting in 
inappropriate hepatic glucose release, reduced release and activity of glucagon-like pep-
tide-1 (GLP1), dysfunctional adipose tissue, leptin resistance, reduced adiponectin 
activity, reduced ghrelin levels, increased circulating free fatty acids, low-grade sys-
temic inflammation, oxidative stress, generalized endoplasmic reticulum stress leading 
to protein misfolding, and reduced clearance of advanced glycated end products [19]. 
Impairment within each of these pathways contributes to reduced metabolic efficiency 
and confers increased risk of atherosclerotic vascular disease. In the case of MetS, 
pathophysiologic processes are quite similar to that of T2D, though often less severe.

 Pancreatic β-Cell Dysfunction

Four separate cell lines within the pancreatic islets are active in hormone production 
and secretion. Meal consumption and associated rising serum concentrations of glu-
cose, lipid, and certain amino acids induce insulin secretion by pancreatic β-cells 
[21]. Chronic exposure to elevated glucose and free fatty acid concentrations as well 
as inflammation impair β-cell function [22]. Some of the earliest evidence for this is 
the observed loss of first phase insulin secretion observed in states of insulin resis-
tance [23].

While β-cell loss is a hallmark of T2D, in patients with MetS, an increase in 
β-cell mass is observed. Cadaveric studies of patients with obesity but without T2D, 
as well as pathology specimens of patients with MetS who undergo pancreatoduo-
denectomy, demonstrate an increase in pancreatic β-cell mass by approximately 
50% [24, 25]. Prevailing opinion suggests these findings represent compensation to 
overcome systemic insulin resistance, leading to hyperinsulinemia [24]. Over time, 
sufficient loss of pancreatic β-cell activity may lead to T2D. The mechanisms for 
β-cell loss are not well understood, though several have been identified. One 
includes the accumulation of amyloid protein with pancreatic islets, which is asso-
ciated with β-cell apoptosis [26, 27]. Islet amyloid deposits contain polymerized 
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amylin, a peptide hormone that is co-secreted with insulin by β-cells themselves, 
and accumulate at increased rates when higher insulin release is required, such as in 
MetS [27]. Additionally, oxidative stress activates macrophages, which can impair 
pancreatic β-cell function and induce cell death [28].

Endoplasmic reticulum (ER) stress represents another mechanism for β-cell 
apoptosis. In the setting of chronic nutrient overexposure, increased peptide synthe-
sis, especially increased insulin production and release increases utilization of ER 
protein trafficking [29]. Accumulation of misfolded proteins within the ER of 
β-cells induces apoptosis, which may lead to T2D [29]. Studies of pancreatic β-cells 
obtained from patients with T2D demonstrate a doubling of ER volume [29].

Pancreatic β-cell dedifferentiation to nonfunctional cells or transdifferentiation 
to cells that produce other hormones has also been proposed as mechanisms for 
β-cell loss [30]. These processes have been observed in animal models of insulin 
resistance. Presently, it is unclear whether this mechanism has a significant role in 
the development of MetS or T2D in humans.

 Prandial Glucose

Regulation of glucose homeostasis depends on dietary intake and hepatic glucose 
release from both glycogen breakdown and gluconeogenesis. In patients with MetS, 
the latter processes are inappropriately enhanced during meals, driven by elevations 
in circulating glucagon and impaired GLP1 levels [31, 32]. GLP1, the main incretin 
hormone, is secreted by L-cells of the distal ileum in response to meal intake and 
functions to stimulate insulin release, impairs glucagon secretion, reduces hepatic 
glucose release, and acts in hypothalamic centers of metabolic regulation [31]. 
Patients with MetS demonstrate a three- to fourfold reduction in prandial GLP1 
secretion compared to healthy controls [32]. Through the many mechanisms of 
GLP1 function, this reduction in GLP1 activity contributes significantly to the 
pathophysiology of insulin resistance and MetS [19].

 Adipokines

Adipose tissue has been recognized as a metabolically active organ that has profound 
effects on energy homeostasis and storage. Dysfunctional and re-distributed adipose 
tissue is a hallmark of MetS [6]. Hormones produced by adipose tissue, collectively 
known as adipokines, are recognized as important metabolic mediators and are affected 
in insulin resistance. These include leptin, which is secreted at higher levels in MetS, 
in proportion to the overall increase in adipose tissue [33]. Although levels are high, 
leptin resistance within the arcuate nucleus of the hypothalamus develops, conferring 
a relative reduction in leptin activity. This phenomenon is associated with reduced 
nutrient sensing and reduced satiation during meals [33]. The relative reduction in 
leptin activity also confers insulin resistance and may promote further weight gain [34].
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Adiponectin, an adipokine that induces insulin sensitivity, diminishes hepatic glu-
cose release, and reduces the inflammatory response is diminished in MetS [35]. The 
increase in visceral adiposity and relative reduction in subcutaneous adipose, espe-
cially in the limbs, is associated with reduced adiponectin activity [36]. Lifestyle 
modification as a means to address MetS has been shown to restore circulating adipo-
nectin levels [35]. Other adipokines, such as resistin, apelin, visfatin, omentin, and 
chemerin, may also affect the pathophysiology of insulin resistance and MetS [37, 38].

 Oxidative Stress

Markers of oxidative stress are ubiquitously affected in states of insulin resistance, 
including MetS and T2D. Many authors postulate that oxidative stress in the adi-
pose tissue is responsible for inducing an inflammatory response, leading to sys-
temic inflammation that exacerbates insulin resistance itself, among other 
detrimental effects [19]. Increased adiposity is associated with oxidative stress, 
increased production of reactive oxygen species (ROS), as well as consumption of 
nicotinamide adenine dinucleotide phosphate (NADPH), the main cellular antioxi-
dant molecule. A reflexive increase in activity of NADPH synthase is also observed.

High levels of circulating ROS cause damage to DNA and proteins, which 
impairs cellular function. Detrimental effects of ROS on mitochondrial and endo-
plasmic reticulum have been demonstrated [39]. Oxidation of low-density lipopro-
tein (LDL) particles forms highly atherogenic oxidized low-density lipoprotein 
(OxLDL), which enhances platelet aggregation and macrophage activation, pro-
motes release of tissue factor, diminishes endothelial thrombomodulin activity, and 
induces an inflammatory response [40].

These mechanisms are key contributors to the increased cardiovascular risk in 
MetS. However, attempts to address this with antioxidant supplements for either 
treatment or prevention of CVD have been largely disappointing [41]. It may be that 
the underlying insulin resistance and ROS production overwhelms ROS sequestra-
tion by antioxidant mechanisms [42]. Moreover, distribution of antioxidant agents 
to areas of high ROS production may be poor [42]. In contrast to treatment with 
supplements, adherence to a dietary pattern that is high in antioxidants is beneficial 
in cardiovascular risk reduction and mitigates many of the pathophysiological 
mechanisms, including a reduction in oxidative stress [43].

 Systemic Inflammation

Systemic inflammation is another hallmark of insulin resistance and 
MetS. Mechanisms for its development are poorly understood; however, hypoxia 
among growing adipocytes resulted in increased inflammatory markers in both ani-
mal models and patients with MetS [44]. Evidence of inflammation includes 
increased interleukin (IL)-6, IL-1, tumor necrosis factor (TNF)-α, plasminogen 
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activator inhibitor (PAI)-1, serum amyloid A, and C-reactive protein (CRP) [45]. 
The risk for CVD is also increased in patients with higher levels of these markers of 
inflammation. Patients with MetS who are able to make lifestyle adjustments, such 
as improved dietary choices and increased physical activity, show reductions in 
serum levels of these markers of inflammation [45].

 Endothelial Dysfunction

The vascular endothelium interacts directly with the hormonal mediators of MetS, 
responds and contributes to systemic inflammation, modulates coagulation, contrib-
utes to lipid metabolism, including the vascular accumulation of lipid-rich sclerotic 
plaques, and generates ROS through uncoupling of endothelial nitric oxide synthase 
(eNOS) [46]. Activity of eNOS is stimulated through the insulin signal cascade and 
patients with MetS have impairment of eNOS, diminishing nitric oxide (NO) pro-
duction within the vascular endothelium. Consequently, the NO signal for vasodila-
tion is reduced, leading to vasoconstriction and is associated with the development of 
essential hypertension [47]. Low circulating adiponectin and resistance to leptin 
induce increased expression of endothelin-1, further exacerbating vasoconstriction in 
MetS [47]. Additionally, eNOS activity becomes uncoupled in endothelial dysfunc-
tion and insulin resistance, leading to excessive production of peroxides, superoxide, 
and peroxynitrite [48]. ROS produced through eNOS uncoupling or by directly by 
glucose metabolism or further damages endothelial cells and yields greater OxLDL.

The vascular endothelium directly modulates thrombosis and atherogenesis. The 
pro-inflammatory state that develops with release of IL-6, IL-1, TNFα, and PAI-1 
enhances platelet activity [49]. Circulating levels of coagulation factors, including 
factor VII, factor VIII, factor XIII B-subunit, fibrinogen, and von Willebrand factor 
(vWF) are elevated in MetS [50]. ROS activate monocytes and macrophages, induc-
ing liberation of cell membrane microparticles with exposed phospholipids, glyco-
protein IX, and release of tissue factor (TF) [49]. TF is also accumulated within the 
vascular endothelium, especially in proximity to atherosclerotic plaques, and TF 
pathway inhibitor, which reduces thrombosis formation, is diminished [51]. Fibrin 
synthesis is also enhanced in MetS though excessive PAI-1 and inflammatory cyto-
kine activity released by the vascular endothelium [52].

One other function of vascular endothelium is to distribute hormone signaling, 
including insulin, to target tissues [53]. Insulin must pass through endothelial cells 
via endocytosis. Like other aspects of endothelial function, this process is impaired 
in patients with insulin resistance, exacerbating MetS [53].

 Advanced Glycosylation End Products

Advanced glycosylation end products (AGEs) result from the Maillard reaction 
between sugars and protein that occurs spontaneously and nonenzymatically in all 
biological systems [54]. This glycosylation process leads to dysfunctional proteins, 
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oxidative stress among tissues, and tissue damage. The Maillard reaction kinetics 
vary by specific sugar molecules and are significantly slower for glucose compared 
to other monosaccharides, such as fructose or galactose [55].

AGEs are also consumed in the diet, though only 10–30% of dietary AGEs are 
absorbed [56]. The process of cooking food, especially at high temperatures used 
during grilling, yields higher amounts of AGE [56]. Higher concentration of sugars 
in blood and in tissues, such as occurs in T2D, increases local AGE formation [57]. 
Additionally, AGE clearance is reduced in states of insulin resistance. Protein recep-
tors for AGE have been identified, including receptor of AGE (RAGE), AGE-R1, 
R2, and R3 that facilitate renal clearance and induce vascular endothelial response 
to these substances [54].

Patients with T2D and MetS have reduced AGE clearance and increased AGE 
formation [54, 57]. In addition, patients with MetS have an approximate 50% 
increase in dietary AGE consumption [58]. The increased systemic AGE levels in 
T2D and MetS are associated with the development of microvascular and macrovas-
cular complications [56].

 Renal Glucose Metabolism

The development and clinical use of sodium-glucose linked transporter 2 (SGLT2) 
inhibitors followed nearly three decades of study of renal glucose handling in states 
of insulin resistance. Additionally, circulating insulin is cleared primarily by the 
kidneys, and cells of the proximal tubules release a significant amount of glucose 
through gluconeogenesis that is regulated by insulin [59]. Patients with T2D and 
MetS exhibit increased renal glucose uptake by 15–20% due to increased SGLT2 
and other glucose transporter activity [60, 61]. This process raises serum glucose 
levels and exacerbates insulin resistance.

 Microbiota

Recognition of the importance of the microflora of the gastrointestinal (GI) tract in 
health and disease has grown over the past two decades [62]. Not surprisingly, a 
person’s lifestyle, especially dietary choice and resultant eating patterns, has great 
influence on the speciation and function of the GI microflora [63]. Unhealthy 
choices and subsequent alteration of GI microflora may contribute to the patho-
physiology of MetS [63]. In a study of healthy volunteers placed on a plant-based 
diet for 5 days, and separately placed on a diet with animal-based protein diet for 
5  days with appropriate washout, significant changes in the GI microflora were 
noted [64]. At the end of the plant-based trial, a significant increase in bacteria that 
metabolize fiber was noted, compared to an increase in bile-tolerant bacterial 
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species that flourished after 5  days of the animal product diet. Microflora gene 
expression was also influenced. High expression of genes involved in vitamin bio-
synthesis and degradation pathways of polycyclic aromatic hydrocarbons that are 
formed during charring of cooked meat was seen after the animal product diet. 
Moreover, global microbiome gene expression was easily categorized by dietary 
intake and reflected the respective gene expression of herbivore or carnivore 
microbiomes.

Several lines of evidence are suggestive of the influence held by the GI micro-
biome over host metabolism. In one study, metabolites of the microbiome of rats 
fed a high-fiber diet induced host GLP-1 activity [65]. In another study, short-
chain fatty acid metabolites produced by the microbiome of mice fed a high-fat 
diet affected gene expression in hepatocyte culture [66]. The specific genes 
affected are involved in regulation of free fatty acid production and diurnal fat 
metabolism [66]. Another animal model demonstrates host peroxisome prolifera-
tor activator receptor (PPAR)-γ is influenced by perturbations in GI microbiome 
[67]. In humans, significant changes in GI microflora are observed after weight 
loss [68] and bariatric surgery [69]. Transfer of microflora from lean humans to 
patients with MetS demonstrates a slight improvement in glycosylated hemoglo-
bin (A1c) by 0.2% at 6 weeks; however, this affect is lost by 18 weeks [70]. These 
findings highlight the microbiome–host interrelationship affecting insulin sensi-
tivity and MetS.

 Addressing Patients with MetS

The myriad of causes of MetS are attributed to societal and individual lifestyle 
changes stemming from the industrial revolution and continual modernization. 
These include dietary choices, food production and availability, sedentary lifestyle, 
potential endocrine disruptors, diminished sleep hygiene, and dietary fructose con-
sumption, among others. An effect of developing MetS is to impart a high risk of 
diseases stemming from insulin resistance, including T2D and its complications, 
especially CVD.

A multi-pronged approach to patients with MetS should be comprehensive: 
addressing each of the potential risks and components. Expertise in many special-
ties is required and a multidisciplinary team is best suited to achieve the goals of 
risk mitigation [71].

Many strategies for therapeutic intervention in patients with MetS may be imple-
mented. These include identification and modification of lifestyle choices, potential 
benefits of supplements, pharmacological treatment, and consideration for bariatric 
surgery. Each of these may be tailored to individual patient needs and combined 
with any of the others. Many of the same concepts can be extrapolated to patients 
with MetS. Indeed, some of the most provocative data derive from prevention trials 
that include patients with MetS who have not yet developed T2D.
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 Intensive Lifestyle

For anyone with MetS, lifestyle modification should be universally employed. This 
broad term includes choice of a healthy dietary pattern, increased physical activity, 
improvement in sleep hygiene, and methods of stress reduction [72]. While contro-
versy continues over which dietary pattern is best, robust evidence exists for choice 
of healthy dietary pattern in combination with increased physical activity in patients 
with MetS in order to prevent T2D, cardiovascular outcomes, and other 
complications.

 Low-Fat/Low-Calorie Dietary Patterns

Early trials of lifestyle intervention focus on reduction in dietary fat and calorie 
restriction, widely held as gold standard dietary advice in the 1980s through early 
2000s. One such trial is the Finnish Diabetes Prevention Study (DPS) [73]. In this 
trial, 522 overweight adults with impaired glucose tolerance, age 40–64 were ran-
domized to an intensive lifestyle or standard dietary recommendations, which were 
essentially pamphlets with general advice and a single session with a dietician. The 
intensive lifestyle included seven sessions with a dietician during the first year who 
endorsed a low-fat dietary pattern and advised increased physical activity, followed 
by one session every 3 months. Members of the intensive group were also given 
opportunities to attend expert lectures, guided trips to local supermarkets, and cook-
ing lessons.

Results of the DPS showed weight loss of 5.6 kg in the first year, compared to the 
control group that lost 1 kg in the first year. Both groups sustained weight regain 
over 10 years; however, average weight remained below baseline in the intensive 
group [74]. The intensive lifestyle group also demonstrated improved markers of 
MetS, including reduction of fasting glucose by 4  mg/dL, reduction of CRP by 
1.24 mg/L, and reduction of waist circumference by 4.4 cm after 1 year. Compared 
to the control group, development of T2D in the intensive group was reduced by 
58% at 3  years, 43% at 7  years, and 32% reduction at 13-year follow-up [74]. 
Marked improvement was also noted with respect to cholesterol including an 
increase in high-density lipoprotein (HDL) by 2 mg/dL and reduction in triglycer-
ides by 18 mg/dL in the intensive group after 1 year [73]. However, no significant 
decrease was observed in LDL cholesterol.

A larger randomized trial, the Diabetes Prevention Program (DPP), enrolled 
3234 patients with impaired glucose tolerance to standard therapy, metformin treat-
ment, or an intensive lifestyle intervention [75]. This intensive intervention involved 
individually assigned lifestyle coaches that met with each participant 16 times in the 
first 6  months and subsequently once every 2  months for dietary advice mainly 
based on calorie restriction and to monitor physical activity of 150 min/week. The 
success of this intervention is demonstrated by the 58% reduction in development 
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of T2D, compared with the control group, and compared to only a 31% reduction in 
T2D with metformin alone [76].

Together, these pivotal trials demonstrate the efficacy of a lifestyle intervention 
that combines physical activity and strong adherence to a healthy dietary pattern. In 
contrast to the Look-AHEAD trial, in which the same intensive protocol as the DPP 
was studied in patients already with T2D, this type of lifestyle intervention in 
patients with earlier stages of insulin resistance, such as MetS, yields superior 
results. Although these trials mainly used calorie restriction as a guide, one of sev-
eral dietary patterns may be employed to reduce cardiovascular risk in MetS.

 The Mediterranean Diet

The Mediterranean diet has been long recognized to reduce cardiovascular risk [77]. 
Although differences exist within regional cultures, this diet generally is high in 
fruits, vegetables, whole grains, fish, poultry, nuts, with varying degrees of pork, 
meat, and wine consumption. The Mediterranean diet is characterized by a high 
polyphenol content, a high fiber content, a diversity of fruits and vegetables that 
includes at least three to four fruits and three to four servings of vegetables con-
sumed daily, as well as healthy protein sources and a relatively high amount of n-3 
fatty acids [78]. These contents provide a nutritional basis that addresses many of 
the molecular mechanisms of MetS.

Efficacy of the Mediterranean diet has been formally evaluated in several large 
randomized controlled trials. In one randomized trial comparing the Mediterranean 
diet to a low-fat diet or a low carbohydrate diet in patients with obesity, those 
assigned to the Mediterranean diet had the greatest weight loss of 4.4  kg over 
2 years, as well as significant reduction in LDL by 3 mg/dL, triglycerides by 22 mg/
dL, fasting serum glucose, and fasting plasma insulin levels [79]. HDL levels 
increased by 6  mg/dL.  In another randomized trial, patients with overweight or 
obesity assigned to the Mediterranean diet demonstrated a 30% reduction in cardio-
vascular events and cardiovascular mortality over 6  years, compared to subjects 
assigned a low-fat diet [80]. Additionally, there was a 30% reduction in the inci-
dence of T2D among subjects on the Mediterranean diet in this trial [81].

 The DASH Diet

The Dietary Approaches to Stop Hypertension (DASH) diet is high in fruits, vege-
tables, fish, nuts, and low-fat dairy products. With this diet, an average of 1.5 kg 
weight loss is observed, along with a 1.05 cm reduction in waist circumference [82]. 
Additionally, systolic blood pressure reduces by an average of 6.7 mmHg, while 
diastolic blood pressure reduces by 3.5 mmHg [83]. A slight reduction in fasting 
insulin is observed after 16 weeks of the DASH diet; however, no change in fasting 
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glucose was noted [84]. After an average of 15 years of follow-up, patients follow-
ing the DASH diet demonstrate a 20% reduction in cardiovascular events, and an 
approximate 30% reduction in development of congestive heart failure [85].

 The Ornish Diet

The Ornish diet is somewhat similar to the DASH and Mediterranean diets in that it 
contains high amounts of fruits, vegetables, legumes, and nuts, with minor differ-
ences that are mainly reduction in animal and fish protein sources. Only 15% of 
calories are derived from fat, and 10% of calories derived from protein. The major-
ity, approximately 75% of calories, are in the form of complex carbohydrates.

Studies of the Ornish diet are limited in that they are observational in nature. 
Still, cohort studies of subjects on the Ornish diet demonstrate reduced fasting glu-
cose and A1C, as well as reduced total LDL content, and shifts to larger LDL par-
ticle size [86, 87].

 Dietary Supplements

Numerous dietary supplements are marketed as inducing weight loss or demonstrat-
ing diabetes-controlling properties. Clinical evidence does not support general use 
in patients with MetS [88]. In the case of micronutrients such as chromium or thia-
min, supplementation to improve glucose metabolism is beneficial in patients with 
frank deficiencies. In well-nourished patients, however, benefits of excessive sup-
plementation do not consistently improve MetS [89]. Similarly, a large randomized 
trial of vitamin D supplementation in patients with T2D failed to demonstrate ben-
efit [90].

A number of plant polyphenols, such as resveratrol, quercetin, epigallocatechin 
gallate, and curcumin, demonstrate improvement in insulin resistance and systemic 
inflammation in pre-clinical, epidemiological, observational, or small randomized 
trials [91–93]. However, widespread use should be cautioned due to a lack of large- 
scale trials to corroborate these suggestive findings [94].

 Pharmacologic Therapies

As an adjunct to healthy lifestyle choices, appropriate use of medications that 
address individual components of MetS reduce CV risk. Hypertension, cholesterol 
abnormalities, and dysglycemia may be treated with pharmacological agents. A 
combination of agents to address the multiple pathways may provide the greatest 
benefit.

M. A. Via and J. I. Mechanick



387

 Hypertension

Based on the high cardiovascular risk, antihypertensive therapy should be initiated 
in patients with MetS to target blood pressures of 140/90 mmHg or less [95, 96]. 
Angiotensin converting enzyme inhibitors (ACEi) or angiotensin receptor blockers 
(ARB) should be considered as first-line agents due to their high efficacy in blood 
pressure lowering, prevention of albuminuria, and reduced risk for development of 
T2D [96]. A 25% reduction in cardiovascular events is observed with ACEi or ARB 
[97]. Calcium channel blocking agents also demonstrate reduction in albuminuria 
may be considered as second line [98]. Thiazide diuretics and β-blocking agents are 
effective and low cost; these may be considered as additional therapies for blood 
pressure reduction in MetS.

 Cholesterol

Cholesterol-lowering therapies yield significant cardiovascular risk reduction and 
should be considered in MetS. The presence of MetS predicts similar cardiovascular 
risk as other scoring systems, such as Framingham Risk Score, especially over the 
longer term (>10 year risk) [99, 100]. Treatment of patients with MetS should target 
LDL cholesterol levels less than 100  mg/dL [101, 102]. In most patients, statin 
therapy should be first choice due to significant LDL and cardiovascular risk reduc-
tion with a relatively low cost. Proprotein convertase subtilisin/kexin type 9 inhibi-
tors can be considered in individuals with atherosclerotic disease who are unable to 
achieve LDL targets with statins or in patients with familial hypercholesterolemia. 
Ezetimibe has only modest effects in lowering LDL levels, but may be given in 
addition to statins to achieve LDL targets, or to patients with only mild elevations in 
LDL cholesterol.

The bile acid sequestrant colesevelam has several activities that may be benefi-
cial for patients with MetS.  Treatment with colesevelam lowers LDL levels by 
approximately 18% through reduced intestinal absorption, and it lowers serum glu-
cose levels and insulin requirements through diminished intestinal carbohydrate 
absorption [103]. In a trial of men with MetS already taking statins, colesevelam 
treatment increased insulin sensitivity and reduced fasting serum glucose by 6 mg/
dL, postprandial serum glucose by 17  mg/dL, and LDL cholesterol by 22  mg/
dL [103].

When considering a lipid-lowering regimen, hypertriglyceridemia, a hallmark of 
MetS, should also be addressed. In many cases, initiation of statin therapy com-
bined with lifestyle interventions either with or without insulin sensitizing agents 
can substantially reduce triglyceride levels. In patients with persistent hypertriglyc-
eridemia, treatment with fibrate medications or long-chain n-3 fatty acids is benefi-
cial. Several large trials suggest pharmacologic intervention in individuals with 
triglyceride levels greater than approximately 200 mg/dL and HDL levels less than 
approximately 35  mg/dL reduces the risk of cardiovascular events by 27–31% 
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[104–106]. Treatment with icosapent ethyl, a concentrated form of eicosapentae-
noic acid, reduces triglyceride levels by 22% and CRP levels by 40–80% in patients 
with MetS [107]. In a randomized trial of 8179 patients at high cardiac risk with 
moderately elevated triglycerides (150–499 mg/dL), treatment with icosapent ethyl 
reduced cardiovascular outcomes by 25% over nearly 5 years [108]. Treatment of 
hypertriglyceridemia in high risk patients, such as MetS, represents a commonly 
overlooked opportunity for cardiovascular risk reduction [109].

 Insulin Resistance

Therapies to improve insulin sensitivity have potential to drastically alter the course 
of MetS.  In many instances, though, large randomized trials have not been com-
pleted. The United States Food and Drug Administration (FDA) has not approved 
use of insulin sensitizing medications in MetS, except in the case of medicines 
approved in the treatment of obesity.

 Metformin

While not approved by the FDA for use in MetS, metformin has been commonly 
administered to patients with MetS due to its low cost, safety profile, and efficacy. 
Results from the DPP trial demonstrate a 27% reduction in development of T2D 
with metformin therapy [110]. Additionally, metformin can improve hepatoste-
atosis that is commonly present in patients with MetS [111]. Mechanistically, 
metformin use is associated with reduced TNFα and increased adiponectin levels, 
and raises endothelial NO production, which mitigates MetS development 
[112, 113].

 Acarbose

Acarbose is an α-glucosidase inhibitor that acts to slow the hydrolysis and absorp-
tion of dietary carbohydrates. This effectively reduces serum glucose levels, though 
only to a relatively low effect in patients with T2D. A single large trial investigating 
use of acarbose demonstrates a reduction in incidence of T2D by approximately 
38% among patients with MetS [114]. A post hoc analysis of patients with MetS 
included in this study demonstrates a reduction in the incidence of T2D by 38%, a 
reduction in incidence of hypertension by 34%, and a reduction in cardiovascular 
events by 49%a after 3.3 years of follow-up [114, 115].
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 PPARγ Agonists

Agonists of the PPARγ nuclear receptor improve insulin resistance. The initial 
design of the DPP trial included a group of patients treated with troglitazone, a 
PPARγ agonist that was withdrawn due to hepatotoxicity. For the average of 
10 months of troglitazone use in this trial, incidence of T2D was reduced by 75%, 
compared to a reduction of 58% for the intensive lifestyle group [116]. More 
recently, use of the PPARγ agonist pioglitazone was shown to reduce the incidence 
of subsequent ischemic stroke by 28% in a randomized trial of patients without T2D 
but with insulin resistance who had sustained either transient ischemic attack or 
ischemic stroke [117]. Additionally, pioglitazone reduced the incidence of T2D by 
48% over 4.8 years in this trial. However, potential adverse effects that are com-
monly observed with PPARγ agonist therapy, including weight gain, edema, bone 
fractures, and possible exacerbation of heart failure that may limit their use in 
patients MetS.

 GLP1 Receptor Agonists

Through potential weight loss, increased insulin sensitivity, impaired glucagon 
release, and enhanced pancreatic β-cell function, GLP1 receptor agonists (GLP1ra) 
are effective therapeutic options in MetS. The use of liraglutide is approved by the 
FDA for weight loss in patients with obesity. Several GLP1ra including liraglutide, 
dulaglutide, and semaglutide demonstrate reduced cardiovascular events in patients 
with T2D [118]. GLP1ra therapy may be considered in patients with MetS.

 SGLT2 Inhibitors

SGLT2 inhibitors prevent reuptake of glucose in the renal proximal collecting 
tubules, promoting glucose excretion within urine and can mitigate the higher glu-
cose reuptake threshold that is seen in MetS and T2D [119]. In addition to minimiz-
ing hyperglycemia, these agents induce weight loss, reduce waist circumference, 
insulin resistance, and triglyceride levels, increase GLP1 levels, and may preserve 
normal pancreatic β-cell function [120]. In one randomized trial that included 
patients with MetS, 58% of those treated with dapagliflozin no longer met criteria 
for MetS after 90 days [121]. In another trial that included patients with heart fail-
ure, empagliflozin therapy reduced rate of hospitalization and rate of renal function 
decline [122]. These results held true in patients with T2D, and in those without 
T2D. SGLT2 inhibitor therapy may be considered in high cardiovascular risk condi-
tions other than T2D, such as MetS.
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 Medications for Weight Loss

Drugs that are FDA approved for weight loss therapy may be beneficial for patients 
with MetS. Although weight loss with these therapies is generally modest at approx-
imately 3–5% that is maintained over 1–2  years of follow-up [123, 124], this 
approaches the target weight loss (5–7%) of the DPP and Finish DPS trials.

The use of orlistat, a pancreatic lipase inhibitor, has been shown to improve insu-
lin resistance and induce weight loss in patients with MetS. In clinical trials, use of 
orlistat reduced fasting glucose levels, triglycerides, and blood pressure [125]. 
Potential adverse effects of orlistat include loose bowel movements and malabsorp-
tion of fat-soluble vitamins, which may limit its use [126]. Additionally, in a head- 
to- head trial, liraglutide induced more than twofold greater weight loss and a 2 cm 
greater reduction in waist circumference compared to orlistat treatment in patients 
with MetS [127]. Liraglutide is also FDA approved for weight loss in patients with 
obesity.

Other medications approved for weight loss exist as combination therapies. 
These include phentermine and topiramate, which reduces appetite and successfully 
induces weight 5–10% weight loss in approximately 60% of patients given this 
medication. Care should be taken to avoid use of phentermine/topiramate in patients 
with underlying CVD due to tachycardia induced by phentermine [124]. The com-
bination of bupropion and naltrexone affects both appetite regulation and reward 
pathways and demonstrates modest weight reduction.

 Surgical Treatment

A number of procedural interventions that alter the GI tract either through surgery 
or by endoscopic intervention are in clinical use. Presently, bariatric surgery is 
approved for patients with BMI ≥ 40 kg/m2, or ≥35 kg/m2 in the presence of T2D, 
CVD, or other weight-related complications [128]. In patients with MetS and obe-
sity, bariatric surgical procedures can drastically alter the risk for atherosclerotic 
disease and T2D [129]. Surgically induced changes in the GI tract affect energy 
physiology, insulin resistance, hypertension, hyperlipidemia, and other weight- 
related complications [130].

Approved bariatric surgical procedures include the Roux-en-Y gastric bypass 
(RYGB), sleeve gastrectomy, biliopancreatic diversion with or without duodenal 
switch, and laparoscopic gastric banding. Endoscopic insertion of either a gastric 
balloon or a gastric aspiration tube has also been approved, though clinical use has 
been limited [131].

Analysis of multiple trials show bariatric surgeries to be highly effective in 
weight loss and comorbidity reduction. Pooled analyses of patients who undergo 
bariatric procedures demonstrate a 61% reduction in incidence of T2D, a 53% 
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reduction in cardiovascular events, resolution of hypertension in 44–68% and reso-
lution of MetS in 80% [132]. In a study with over 24 years of follow-up, a 23% 
reduction in mortality was observed in patients who undergo bariatric surgery [133].

 Conclusion

As an easily identified and highly prevalent clinical syndrome, identification of 
MetS represents an important opportunity for early intervention to prevent the 
development of T2D and cardiovascular outcomes. Pathophysiological mechanisms 
of insulin resistance in MetS are similar to those of T2D, albeit at earlier stages and 
therefore all the more likely to respond to treatment. An intensive lifestyle interven-
tion that includes significant dietary modification and increased physical activity 
should be universally recommended. Consideration for medical therapies that target 
individual components of hyperlipidemia, hypertension, insulin resistance, and 
weight loss should be tailored to the individual patient. Bariatric procedures may 
also be considered and yield substantial CVD risk reduction. Most importantly, 
clinical attention to patients with MetS allows a dialogue for the consideration of 
these impactful treatments.
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Chapter 13
Diabetes and Hypertension

Yuvraj Singh Chowdhury, Amirhossein Moaddab, Lina Soni, 
and Samy I. McFarlane

 Introduction

Diabetes is a major public health problem that is rapidly approaching epidemic 
proportions in the United States and worldwide [1–3]. In the United States, more 
than 34 million people of all ages had diabetes in 2018 [4]. Furthermore, the eco-
nomic burden of diabetes to the US economy is monumental. In the year 2017, 
diagnosed diabetes cost the United States an estimated $327 billion in medical costs 
and reduced productivity [5]. Cardiovascular disease (CVD) is by far the leading 
cause of death in people with diabetes accounting for up to 80% of mortality in this 
patient population [6–9].

Risk factors for CVD that cluster in diabetes include hypertension, central obe-
sity, dyslipidemia, microalbuminuria and coagulation abnormalities, and left ven-
tricular hypertrophy (LVH) [9] (Table 13.1). Among those risk factors, hypertension 
is approximately as twice as frequent in patients with diabetes compared to those 
without the disease and accounts for up to 85% of the excess CVD risk. Conversely, 
patients with hypertension are more prone to have diabetes than are normotensive 
persons [10]. In a large prospective study of 12,550 adults, the development of type 
2 diabetes was almost 2.5 times as likely in patients with hypertension as in their 
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Table 13.1 Risk factors for CVD that cluster in diabetes mellitus

1. Hypertension
2. Central obesity
3. Microalbuminuria
4. Low high-density lipoprotein cholesterol levels
5. High triglycerides levels
6. Small, dense low-density lipoprotein cholesterol particles
7. Hyperinsulinemia
8. Endothelial dysfunction
9. Increased fibrinogen levels

10. Increased plasma activator inhibitor-1 levels
11. Increased C-reactive protein and other inflammatory markers
12. Absent nocturnal dipping of blood pressure and pulse
13. Left ventricular hypertrophy
14. Increased uric acid levels
15. Decreased renal function

normotensive counterparts after adjustment for age, sex, race, education, adiposity, 
family history with respect to diabetes, physical activity level, and other health- 
related behaviors [11].

 Epidemiological Aspects of Hypertension in Diabetes 
and the Metabolic Syndrome

As a component of the metabolic syndrome, hypertension is much more common 
than diabetes. Data from the Third National Health and Nutrition Examination 
Survey (NHANES III) [12], involving a representative sample of 8814 adult 
Americans and using the National Cholesterol Education Panel (NCEP) Adult 
Treatment Panel III (ATPIII) definition [13], the prevalence of hypertension (as 
defined by blood pressure [BP] >130/85 mmHg, or the use of antihypertensive med-
ications) was 34% compared to only 12.6% of those with hyperglycemia [12]. In 
this analysis, hypertension was the second most prevalent component of the meta-
bolic syndrome, compared to central obesity, which was the most prevalent compo-
nent (38.6%). Hypertension was followed in prevalence by low high-density 
lipoprotein (HDL) cholesterol (37.6%), hypertriglyceridemia (30%), and diabetes 
(12.6%) [12]. However, it is important to emphasize that although most patients 
with the metabolic syndrome do not have diabetes, the prevalence of this syndrome 
in the diabetic population is very high (86%) [14, 15]. Furthermore, the prevalence 
of the metabolic syndrome in patients with impaired glucose tolerance (IGT) was 
31% and 71% in those with impaired fasting glucose (IFG; >110 mmHg) [14, 15].

An analysis of the NHANES data from 1998 to 2012 showed that prevalence of 
metabolic syndrome increased for every sociodemographic group and by 2012, 
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more than 30 percent of all adults in the US suffered from metabolic syndrome [16]. 
Another analysis of NHANES data aiming to evaluate the risk of coronary heart 
disease (CHD), among people over the age of 50 years with the metabolic syndrome 
with and without diabetes showed that the overall prevalence of this syndrome is 
44% [17]. In this analysis, which also used the NCEP definition [13], the prevalence 
of diabetes was 17% for the entire population and 86% for those with the metabolic 
syndrome [17]. Hypertension was almost as twice as common in diabetic patients 
with the metabolic syndrome (82.7%), compared to diabetic patients without the 
syndrome (43%) [17]. These data underscore the common occurrence of diabetes 
and hypertension as components of the metabolic syndrome, particularly in the older 
population. Hypertension was the strongest predictor for the presence of CHD in 
patients over the age of 50, followed by low HDL cholesterol and diabetes. The odds 
ratio, 95% confidence interval was 1.87 (1.37–2.56), 1.74 (1.18–2.58), and 1.55 
(1.07–2.25) for hypertension, low HDL cholesterol, and diabetes, respectively [17].

A third analysis, from Europe [18], using the World Health Organization (WHO) 
definition [19], was conducted to evaluate the prevalence and CVD risk associated 
with the metabolic syndrome. In this analysis, 4483 patients, aged 35 to 70 years 
participating in a large study of type 2 diabetics in Finland and Sweden (the Botnia 
study) [20] were examined. The metabolic syndrome, as defined by the WHO, was 
present in 10% of those without diabetes compared to 50% of those with IFG/IGT, 
and 80% of those with diabetes [18]. The prevalence of the metabolic syndrome in 
diabetic patients in this European population, using the WHO definition, was close 
to that of the US population using the NCEP criteria (80% vs 86%, respectively) 
[17, 18]. Furthermore, hypertension occurred frequently in those with diabetes 
(59%); this prevalence increased with age and was 67% in those 60 to 69 years of 
age [18]. In this study hypertension was only second to microalbuminuria as the 
most potent predictor for CVD mortality [18]. These data from the United States 
and Europe, across different ethnic populations using the NCEP or WHO, consis-
tently demonstrate the high prevalence of the metabolic syndrome that is approach-
ing epidemic proportions in the United States and worldwide. These data also 
demonstrate the frequent occurrence of hypertension and diabetes mellitus (DM) as 
components of the metabolic syndrome conferring high risk for CVD in this patient 
population [12, 17, 18]. Presence of undiagnosed hypertension especially in female 
individuals or certain populations which might be affected disproportionately such 
as younger adults or non-Hispanic Blacks needs to be considered [21].

 Hemodynamic and Metabolic Characteristics of Hypertension 
in Diabetics

Hypertension in patients with diabetes, compared to those without diabetes, has 
unique features, such as increased salt sensitivity, volume expansion, loss of noctur-
nal dipping of BP and pulse, increased propensity to proteinuria, orthostatic hypo-
tension, and isolated systolic hypertension [10]. Most of these features are 
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considered risk factors for CVD [6] and are particularly important for selecting the 
appropriate antihypertensive medication. For example, low-dose diuretics should be 
considered for the treatment of volume expansion, while angiotensin-converting 
enzyme (ACE) inhibitors or angiotensin receptor blockers (ARBs) used for those 
with proteinuria.

 Loss of Nocturnal Decline of BP (Non-dipping)

In normotensive individuals and most patients with hypertension, there is a repro-
ducible circadian pattern to BP and heart rate during 24-h ambulatory monitoring 
[22]. Typically, the BP is highest while the patient is awake and lowest during sleep, 
a pattern called “dipping,” in which BP decreases by 10% to 15%. Patients with loss 
of nocturnal decline in BP “non-dippers” have less than 10% decline of BP during 
the night compared to daytime BP values [23]. In patients with diabetes, and many 
of those with the cardiometabolic syndrome, there is a loss of nocturnal dipping as 
demonstrated by 24-h ambulatory monitoring of BP. This is particularly important 
because the loss of nocturnal dipping conveys excessive risk for stroke and myocar-
dial infarction (MI) [23–25]. Indeed, ambulatory BP has been reported to be supe-
rior to office BP in predicting target organ involvement, such as LVH and proteinuria 
[24, 25]. About 30% of MIs and 50% of strokes occur between 6 AM and noon [26]. 
This is especially important in deciding the optimal dosing strategies of antihyper-
tensive medications where drugs that provide consistent and sustained 24-h BP con-
trol will be advantageous [26]. Indeed, nighttime BP control may be especially 
important in those diabetic patients with elevated nocturnal BP [10]. Diabetic 
patient and advanced aged have found having uncontrolled nocturnal hypertension 
and subsequently high risk of cardiovascular complications, such as heart failure. 
Considering the fact that most of the patients with diabetes are of advanced age 
demonstrates the significance of this issue [27].

 Volume Expansion and Salt Sensitivity

Alterations in sodium balance and extracellular fluid volume have heterogeneous 
effects on BP in both normotensive and hypertensive subjects [28]. Increased salt 
intake does not raise BP in all hypertensive subjects and sensitivity to dietary salt 
intake is greatest in the elderly, those with diabetes, obesity, renal insufficiency, low 
renin status, and African Americans [29, 30].

Indeed salt sensitivity in normotensive subjects is associated with a greater age- 
related increase in BP [29]. This is particularly important to consider in manage-
ment of hypertension in patients with diabetes, especially elderly persons, because 
the prevalence of both diabetes and salt sensitivity also increases with age. Thus, a 
decreased salt intake along with other aspects of diet, such as reduced fat and 
increased potassium, is important to institute in these patients [10].
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 Microalbuminuria

There is considerable evidence that hypertension in type 1diabetes is a consequence, 
rather than a cause of renal disease and that nephropathy precedes the rise in BP 
[10]. Persistent hypertension in patients with type 1 diabetes is often a manifestation 
of diabetic nephropathy as indicated by an elevation of the urinary albumin at diag-
nosis of diabetes [10, 31].

Both hypertension and nephropathy appear to exacerbate each other. In type 2 
Diabetes, microalbuminuria is associated with insulin resistance [6, 32], salt sensi-
tivity, loss of nocturnal dipping, and other components of the metabolic syndrome 
[32, 33]. Elevated systolic BP (SBP) is a significant determining factor in the pro-
gression of microalbuminuria [33, 34]. Indeed, there is an increasing evidence that 
microalbuminuria is an integral component of the metabolic syndrome associated 
with hypertension [6, 10, 33]. This concept is important to consider in selecting the 
pharmacological therapy for hypertension in patients with diabetes, as medications 
that decrease both proteinuria and BP, such as ACE inhibitors and ARBs, have 
evolved as increasingly important tools in reducing the progression of nephropathy 
in such patients. These agents also appear to improve insulin sensitivity [10]. 
Furthermore, aggressive BP lowering, often requiring several drugs, is very impor-
tant in controlling the progressive course of diabetic renal disease. Other factors 
that are important include cholesterol and glycemic control and smoking cessa-
tion [10].

 Isolated Systolic Hypertension

With the progression of atherosclerosis in patients with diabetes, the larger arteries 
lose elasticity and become rigid and the SBP increases disproportionately because 
the arterial system is incapable of expansion for any given volume of blood ejected 
from the left ventricle leading to isolated systolic hypertension, which is more com-
mon and occurs at a relatively younger age in patients with diabetes [10, 35]. Indeed, 
the relationship between systolic elevations in BP and micro/macrovascular disease 
is especially pronounced in patients with DM [10].

 Orthostatic Hypotension

Pooling of blood in dependent veins during rising from a recumbent position nor-
mally leads to decrease in stroke volume and SBP with a concomitant sympathomi-
metic reflex induced increase in systemic vascular resistance, diastolic BP (DBP), 
and heart rate. In patients with diabetes and autonomic dysfunction, excessive 
venous pooling and impaired baroreflex sensitivity can cause immediate or delayed 
orthostatic hypotension, and thus may result in a reduction in cerebral blood flow 
leading to intermittent lightheadedness, fatigue, unsteady gait, and syncope 
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[36–38]. This is important to recognize in patients with diabetes and hypertension 
because it has several diagnostic and therapeutic implications.

For example, discontinuation of diuretic therapy and peripheral vasodilators and 
volume repletion might be necessary for the treatment of chronic orthostasis. Also, 
in the subset of patients with “hyperadrenergic” orthostatic hypertension as mani-
fested by excessive sweating and palpitation, the use of low-dose clonidine might be 
necessary to blunt an excess sympathetic response [39]. Furthermore, increased 
propensity for orthostatic hypertension in patients with diabetes renders peripheral 
α-adrenergic receptor blockers less desirable and second-line agents for these 
patients. Additionally, doses of all antihypertensive agents must be titrated more 
carefully in patients with diabetes who have greater propensity for orthostatic 
hypertension while having high supine BPs.

 Pathophysiology of Hypertension in Diabetics

The relation between hypertension, obesity, insulin resistance, and diabetes is com-
plex. For example, hypertension is considerably more prevalent in diabetic patients 
than non-diabetics [6, 10]. When matched to age, gender, ethnicity, adiposity, level 
of physical activity, and family history, hypertension is 2.5 times more likely to 
develop in type 2 diabetics than non-diabetics [6, 10]. Possible reasons for the 
increased propensity to develop diabetes in persons with essential hypertension 
have been reviewed extensively [6, 10, 40]. These include an altered skeletal muscle 
tissue composition (i.e., more fat and less insulin-sensitive slow-twitch fibers), 
decreased blood flow to skeletal muscle tissue as a result of vascular hypertrophy, 
rarefaction and vasoconstriction, and impaired post-receptor regulatory responses 
to insulin [10] (Table 13.2).

In type 1 diabetics, hypertension is uncommon in the absence of diabetic renal 
disease [10]. BP readings start to rise about 3 years after the onset of microalbumin-
uria [6, 10]. In contrast, in the Hypertension in Diabetes Study, 3648 patients 

Table 13.2 Pathophysiological mechanisms of insulin resistance associated with hypertension

Decreased delivery of insulin and glucose to skeletal muscles

1. Increased vasoconstriction
2. Vascular hypertrophy
3. Vascular refraction
Alteration of skeletal muscle fibers

1. Decreased insulin-sensitive slow-muscle twitch fibers
2. Increased fat interspersed with skeletal muscle fibers
Post-receptor insulin-signaling defect

1. Decreased PI3 kinase/AKT signaling responses to insulin
2. Decreased insulin-mediated glucose transport
3. Decreased glycogen synthase activity
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recruited for the United Kingdom Prospective Diabetes Study (UKPDS) were 
examined; hypertension already existed in 39% of newly diagnosed type 2 diabetes 
cases [41]. In these patients, hypertension was often associated with other compo-
nents of the metabolic syndrome, such as obesity, elevated triglycerides, and ele-
vated hyperinsulinemia. The prevalence of microalbuminuria in this hypertensive 
group was 24% [41]. These findings highlight differences in hypertension patho-
physiology of types 1 and 2 diabetes, with hypertension in the latter being more 
closely linked to other components of the cardiometabolic syndrome [10].

Microalbuminuria is often the first clinical sign of diabetic nephropathy. It is not 
only a risk factor for diabetic nephropathy but also a risk factor of CVD morbidity 
and mortality in both diabetic and non-diabetic patients [42]. Microalbuminuria 
reflects generalized endothelial cell dysfunction, including that occurring in renal 
glomeruli [6, 10]. Hypertension and diabetic nephropathy exacerbate each other and 
contribute to a cycle of progressive hypertension, nephropathy, and CVD. Several 
other renal-related factors contribute to the increased propensity to develop hyper-
tension and subsequent complications in diabetic patients. Diabetic patients have an 
increased propensity to sodium retention and volume expansion [43]. Increased salt 
sensitivity in these patients involves multiple mechanisms, including hyperglyce-
mia-induced renal sodium reabsorption in the proximal renal tubule [44], hyperin-
sulinemia, and renal abnormalities in renin–angiotensin–aldosterone system 
(RAAS) [45]. Thus, restriction of salt in the diet of these patients is important in the 
management of their hypertension [10].

Insulin resistance and hyperinsulinemia increase sympathetic activity, which is 
associated with renal sodium retention, and predispose to increased vascular resis-
tance [6, 10]. Insulin normally enhances vasodilatation and increases muscle blood 
flow, which facilitates glucose utilization [45–48]. This effect is mediated, in part, 
by increased production of nitric oxide (NO) production [48], as insulin increases 
endothelial NO synthase (NOS) activity. Insulin fails to enhance muscle blood flow 
in both obese and diabetic patients as a result of decreased ability to stimulate NO 
[49]. Hyperinsulinemia and insulin resistance do not consistently lead to hyperten-
sion. Pima Indians have an increased incidence of obesity, insulin resistance, and 
hyperinsulinemia, but have a relatively low incidence of hypertension [50]. These 
observations indicate that the relationship between insulin resistance and hyperten-
sion is complex, and dependent also on ethnic and environmental factors.

Obesity, especially central obesity, is a risk factor for both hypertension and 
diabetes [51, 52]. Central obesity, insulin resistance, hypertension, and diabetic dys-
lipidemia are parts of the cardiometabolic syndrome [6, 10, 53–66] There are other 
abnormalities found in the cardiometabolic syndrome, such as microalbuminuria, 
increased coagulability, impaired fibrinolysis, and increased inflammatory status 
[6]. Several definitions of the metabolic syndrome have been recently published: 
one by the WHO [17, 18] and another by the NCEP-ATPIII in the United States 
[13]. The cardiometabolic syndrome is a common disorder; the prevalence in the 
United States, using NCEP criteria, is 22% [17, 18]. The prevalence of this syn-
drome, and that of type 2 diabetes, increases progressively with advancing age, 
obesity, and sedentary lifestyle [9, 10].
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The etiology of the cardiometabolic syndrome is complex, involving genetic and 
acquired abnormalities [6, 10]. Central obesity is a key element in the pathogenesis 
of this syndrome. It is characterized by a greater deposition of fat in the upper or 
central part of the body (visceral fat). Visceral adipocytes are more metabolically 
active and insulin resistant than peripheral adipocytes [51]. They release several 
cytokines, like tumor necrosis factor α and interleukin-(IL)-6 that promote inflam-
mation, dyslipidemia, hypertension, microalbuminuria, abnormal coagulability, and 
impaired fibrinolysis [51, 52]. Lipolysis of the abdominal fat releases free fatty 
acids, which are substrates for triglycerides production in the liver [49, 53, 63]. The 
renin–angiotensin system (RAS) is also very active in the central adipocytes [52, 
54]. Furthermore, adipocyte-derived peptides have a role in promoting the cardio-
metabolic syndrome. For example, leptin levels are high in obese patients, and ele-
vated leptin levels may stimulate the sympathetic nervous system and may contribute 
to the pathogenesis of hypertension associated with obesity [51, 52, 65]. Adiponectin 
has anti-inflammatory effects and its levels are low in insulin resistance conditions 
[52, 53, 63]. Decreased adiponectin levels may be particularly important, given the 
role of adiponectin in enhancement of insulin-mediated vasodilatation and glucose 
transport activities [52, 54]. Finally, high concentrations of resist in (an adipocyte-
derived peptide) in visceral fat are associated with both insulin resistance and obe-
sity [55]. This peptide, in contradistinction to adiponectin, inhibits insulin metabolic 
actions [51, 52, 55, 58].

 Cardiovascular Effects of Insulin and Insulin-like Growth 
Factor 1 in the Normal and in the Insulin-Resistant State

Insulin and its highly homologous peptide, insulin-like growth factor 1 (IGF-1), both 
have important effects on vascular tone. Insulin is produced only in the pancreas [57]. 
On the other hand, IGF-1 is an autocrine/paracrine peptide [56–58, 67–74] produced 
by endothelial cells and vascular smooth muscle cells (VSMCs) following stimula-
tion by insulin [57, 68], angiotensin 2 [57, 69], and mechanical stress [71, 72]. 
Furthermore, IGF-1 receptors are expressed to a greater extent than insulin receptors 
in VSMCs [57, 58]. IGF-1 has many important biological effects on the vasculature, 
including maintenance of the normal differentiated VSMC phenotype [73], glucose 
transport [67, 74], and modulation of vascular tone [57, 67, 70, 74–86]. IGF-1 and 
insulin normally attenuate vasoconstriction/enhance relaxation through a phosphati-
dylinositol 3-kinase (PI3K)-dependent stimulation of vascular NOS enzyme [57, 67, 
74, 75, 77, 79, 80, 82] and Na+, K+-ATPase pump activity [57, 70, 78, 85, 87, 88]. In 
animal models of obesity, insulin resistance, and hypertension there is accumulating 
evidence that resistance to PI3K signaling by IGF-1 and insulin plays an important 
role in the pathogenesis of hypertension [57, 77, 86, 89], impaired myocardial func-
tion [57, 79, 90–98], and attenuated glucose transport [73, 88, 92].

Thus, alterations of cardiovascular and skeletal muscle IGF-2 and insulin signal-
ing responses may explain the common co-existence of hypertension, insulin resis-
tance, and type 2 diabetes [57, 71, 81]. Insulin and IGF-1 normally induce 
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vasorelaxation, in part, by lowering VSMC intracellular calcium ([Ca2+]i) levels 
[73, 83, 85, 88] and myosin light chain (MLC) phosphorylation/Ca2+ sensitization 
[83, 88]. These actions involve activation of both vascular NOS and Na+, 
K+-ATPase pump activity [67, 70, 74, 77–85, 87, 88]. Upon stimulation, the 
β-subunit of the insulin and IGF-1 receptor not only become phosphorylated on 
various tyrosine sites but also induce the phosphorylation of a number of accessory 
molecules [58], such as insulin receptor substrate (IRS)-1, which serve as impor-
tant docking sites for many kinases and phosphatases. Many insulin and IGF-1 
metabolic effects are mediated by PI3K upon binding to IRS-1 through its regula-
tory subunit (p85) SH2 domain [58]. An important downstream target of IGF-1/
insulin-stimulated PI3K is the serine–threonine kinase, Akt (protein kinase B) [58, 
82, 99, 100]. Akt interacts through its pleckstrin homology domain with the phos-
pholipids produced by PI3K.  Phosphorylation of Thr308 and Ser473 of Akt is 
important for its activation [99, 100]. Akt is involved in insulin and IGF-1-regulated 
glucose transport and other cell functions [99–105]. A number of studies have dem-
onstrated a critical role for Akt signaling in mediating the vascular actions of IGF-1/
insulin [78, 82, 103–108]. Furthermore, it has been observed that angiotensin II 
(Ang II) inhibits IGF-1 signaling through the PI3K/Akt pathway resulting in less 
NOS/Na+, K+-ATPase activation in VSMCs [79]. Vascular relaxation in response 
to insulin and IGF-1 signaling is dependent, in part, on endothelial cells and VSMC 
production of NO and reductions in VSMC [Ca2+]i. The NO/cyclic guanosine 
monophosphate (cGMP) increase in response to insulin and IGF-1 stimulation 
results in inhibition of MLC phosphorylation/activation [104] by increasing the 
activity of the myosin-bound serine/threonine specific phosphatase (MBP) [109–
112]. This effect of insulin and IGF-1 thus counterbalances the increase in [Ca2+]i 
and the Ca2+-MLC sensitization effects mediated by vasoconstrictor agonists, such 
as Ang II [113–116].

Accumulating evidence suggests that Ang II may antagonize the vasodilatory 
actions of insulin/IGF-1 through small-molecular-weight G-protein signaling 
mechanism [113–117], increasing phosphorylation and activation of MLC [114, 
115]. Thus, there appears to be counterbalancing actions between insulin/IGF-1 and 
Ang II and other vasoconstrictors in the modulation of MLC-Ca2+ sensitization/
vascular tone. Generation of vascular tissue reactive oxygen species appears to be 
an important mechanism by which Ang II inhibits the metabolic signaling pathways 
by insulin and IGF-1 [118].

Insulin and IGF-1 also regulate vascular tone by increasing the VSMC Na+, 
K+-ATPase pump activity in VSMCs [70, 76, 83, 85], consequently elevating the 
transmembrane Na+gradient that drives Ca2+ efflux via Na+/Ca2+ exchange [70, 
83, 85, 87–89].

Furthermore, insulin/IGF-1 may indirectly activate the Na+, K+-ATPase pump, 
and MBP, in VSMC by stimulating VSMC NO/cGMP [118]. Thus, in insulin- 
resistant states, including that associated with type 2 diabetes, there appears to 
exhibit vascular resistance to the vasodilatory actions of insulin and IGF-1 [118–
121]. Increasingly, it appears that increased secretion of Ang II and consequent 
generation of reactive oxygen species [82] in vasculature contribute to this resis-
tance [82] (Fig. 13.1).
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Fig. 13.1 Mechanisms by which angiotensin II antagonizes the vasorelaxing effects of insulin/
insulin-like growth factor 1

 Treatment Goals and Pharmacological Therapy

The goal of lowering BP in persons with diabetes and hypertension is to prevent the 
inordinate hypertension-associated death and disability in this population [10, 86, 
122–128]. Because of increased BP variability in these patients, more BP measure-
ments over a longer period are needed to establish the “representative BP.” Because 
of the greater propensity to orthostatic hypotension, standing BPs should be obtained 
on each office visit [10, 36–38]. Therapy should begin with lifestyle modifications 
(Table 13.3) involving weight reduction, increased physical activity, and modera-
tion of dietary salt and alcohol intake [129].

Drug therapy should be initiated along with lifestyle modifications to lower BP to 
less than 130/80  mmHg in diabetic persons, a goal that is recommended by the 
American Diabetes Association and the Joint National Committee on Prevention, 
Detection, Evaluation, and Treatment of High Blood Pressure, eighth report (JNC 8) 
[130]. JNC 8 recommended four classes of drugs as effective first-line therapy in these 
patients [130]. Each drug class has potential advantages and disadvantages. Furthermore, 
most diabetic patients will need several different agents to lower BP adequately.

In diabetic patients, the benefit of tight BP control is well established [10]. The 
UKPDS trial [122] included 1148 hypertensive patients who were followed up for 
about 8.4 years. Tight BP control (<140/82 mmHg) compared to less tight control 
(<180/105 mmHg) was associated with a 24% reduction in diabetic-related end-
points, 32% in death related to diabetes, 44% in stroke, and a 37% reduction in 
microvascular complications. Interestingly, the relative benefits of strict BP control 
outweighed the benefits of tight blood glucose control.

Another major study, the Hypertension Optimal Trial, demonstrated a 51% 
reduction in major CVD events in the diabetic subgroup that was randomized to a 
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Table 13.3 Lifestyle and dietary modification in hypertension management

1. Weight loss (maintain normal body weight [BMI, 18.5–24.9])
2. Exercise (aerobic physical activity) 30–45 min at least three times a week
3. Reduced sodium intake to 100 mmol (2.4 g) per day
4. Smoking cessation
5. Adequate intake of dietary potassium, calcium, and magnesium
6. Reduced alcohol intake to <1 oz of ethanol (24 oz of beer) per day
7. Diet rich in fruits and vegetables but low in fat

BMI body mass index

Fig. 13.2 Flow chart showing appropriate measures for lowering the blood pressure in patients 
with diabetes and hypertension

DBP goal of less than 80 mmHg compared to a goal of less than 90 mmHg [123]. 
Other studies reported significant advantages of hypertension treatment in special 
categories of diabetic patient like the elderly and those with isolated systolic hyper-
tension [124, 125]. Based on the results of these clinical trials and on the data from 
epidemiological studies which suggested an increase in CVD events and mortality 
with BP more than 115/75 mmHg [126], the currently recommended BP goal in 
diabetic patients is now less than 130/80 mmHg (Fig. 13.2) [127–129].
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In Action in Diabetes and Vascular Disease: Preterax and Diamicron Modified 
Release Controlled Evaluation (ADVANCE trial), patients benefitted from more 
intensive BP (SBP < 120 mmHg) treatment regardless of baseline BP and of 10-year 
estimated ASCVD risk [131].

 Lifestyle Modifications in Management of Hypertension 
(Table 13.3)

Adaptation of a healthy lifestyle is an essential component of managing hyperten-
sion in patients with diabetes or the cardiometabolic syndrome [127–129]. These 
interventions include weight loss, dietary sodium reduction, increased aerobic phys-
ical activity, cigarette-smoking cessation, and moderation of alcohol intake 
(Table 13.1) [129, 132]. The Dietary Approach to Stop Hypertension (DASH) diet, 
when combined with sodium reduction (2300 mg per day) is effective in lowering 
BP [132]. The DASH diet is rich in fiber, potassium, and calcium, low in cholesterol 
(150 mg per day), and low in total and saturated fat (20% and 6% of daily calories, 
respectively), with 55% of daily calories coming from carbohydrates. In addition to 
lowering BP, weight reduction and increased physical activity improve insulin resis-
tance, serum glucose levels, and lipid profiles [133]. Exercise and weight reduction 
have also been shown to reduce the development of type 2 diabetes in patients with 
IGT [134]. The protective effects of physical activity have been demonstrated in 
prospective cohort studies [134–138], where the development of type 2 diabetes 
was significantly lower in patients who exercise regularly even after adjustment for 
obesity, hypertension, and family history of diabetes. In these studies, the reduction 
in the development of type 2 diabetes was strongest among patients with hyperten-
sion and those with the highest risk for the development of diabetes [134–136]. 
More recently, the Finnish study and the US Diabetes Prevention Program [136–
138] have shown that diet and exercise reduce the risk of development of type 2 
diabetes, by more than 50% in high risk patients with IGT. Therefore, these inter-
ventions are highly recommended in patients with hypertension who are at risk for 
the development of type 2 diabetes [10].

 Pharmacological Therapy for Hypertension in Patients 
with Diabetes

Diet and lifestyle modifications are usually the first step in the management of 
hypertension, but most diabetic patients will also require pharmacological treat-
ment. In fact, most diabetic patients need more than one medication to maintain 
their BP within the target range of less than 130/80 [127, 129]. Initiation of therapy 
with two drugs should be considered if BP is more than 20/10 mmHg above the 
goal, i.e., less than or equal to 150/90 [129]. The optimal goal BP in patients with 

Y. S. Chowdhury et al.



411

the cardiometabolic syndrome (without overt diabetes) is not known. However, 
because these patients are at high risk for CVD, it currently appears prudent to treat 
BP more aggressively than in the general population (i.e., same goal as in type 2 
diabetic patients <130/80) [6, 10, 129].

 Thiazide Diuretics

Thiazides are an important component of hypertension treatment in almost all 
hypertension cases. They are inexpensive and effective, especially in treating sys-
tolic hypertension [125]. The Antihypertensive and Lipid Lowering treatment to 
prevent Heart Attack Trial (ALLHAT) included more than 33,000 patients aged 55 
or older with at least one other CHD risk factor who were followed up for a mean 
period of 4.9 years [139]. The study showed that there was no difference between 
chlorthalidone (a thiazide), lisinopril (an ACE inhibitor), and amlodipine (a calcium 
channel blocker [CCB]) in preventing major coronary events or in their effects on 
overall survival. Chlorthalidone was associated with less combined CVD, stroke, 
and better BP control than lisinopril, especially in African Americans. Chlorthalidone, 
however, was associated with less heart failure incidence rate than both lisinopril 
and amlodipine [139]. It should be noted that the inability to use a diuretic in those 
patients randomized to lisinopril may have unmasked early heart failure. In clinical 
practice, the combination of ACE inhibitors and thiazide diuretics is a well-accepted 
treatment strategy in these patients [10]. The ALLHAT study, the largest hyperten-
sion trial to date, was not designed to prospectively assess the treatment effect in the 
diabetic patients. However, the diabetic cohort was predesigned for subgroup analy-
sis. About 36% of ALLHAT participants had diabetes [140]; the benefits of chlortha-
lidone were noticed in both diabetic and non-diabetic populations; however, for the 
diabetic patients, several points need to be made in order for the results of the 
ALLHAT trial to be viewed in the proper context:

 1. Optimal control of BP in people with diabetes is difficult to achieve and requires 
multiple medications. Data from our investigative group showed that in a large 
diabetic cohort, with a mean age of 64.5 years (close to ALLHAT 66.6 mean age 
in the diabetic subgroup), a BP goal of 130/80 was achieved in only 25% of the 
patients. Furthermore, an average of 3.1 medications was required to achieve 
such a goal [141]. The fact that diabetic patients require multiple antihyperten-
sive medications for BP control is documented in all the major hypertension 
trials. This fact makes the issue of the initial antihypertensive therapy in people 
with diabetes less relevant.

 2. The study clearly illustrates the importance of lowering BP to improve the CVD 
outcome. Therefore, efforts should be directed toward improving BP control that 
is currently suboptimal [141].

 3. Although BP reduction was in favor of the diuretic group, there was a lack of 
difference in the primary outcome (fatal CHD or non-fatal MI) among treatment 
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groups. Although ACE inhibitors have been shown to be beneficial in reducing 
mortality in heart failure patients [142], the observation that diuretic treatment is 
associated with less incidence of heart failure than ACE inhibitor treatment was 
likely the result, in part, of unmasking of early heart failure as a result of the 
inability to add a diuretic to the ACE inhibitor regimen. This also may be 
explained by the higher BP in the ACE inhibitor group, and in particular African 
American subjects who may have less BP response to ACE inhibitors than 
whites. The efficacy of ACE inhibitors in diabetic nephropathy is well docu-
mented. Therefore, it is of major importance to know the results of the drug 
comparisons in the diabetic subjects involved in the study.

 4. The ALLHAT, with its simple office-based design, did not offer information that 
is particularly relevant for the diabetic population, such as the use of combina-
tion antihypertensive medications, or the treatment of diabetic patients with 
albuminuria or compromised renal function. Furthermore, it is important to note 
that thiazide diuretics have been shown to increase insulin resistance [10] and 
have some adverse metabolic side effects, such as a small increase in serum 
blood sugar [129], increased serum triglycerides, increased total cholesterol, 
increased serum uric acid, hyponatremia, hypokalemia, and hypomagnesemia. 
However, it is likely that some of these adverse effects can be minimized by 
using low doses of thiazides, such as 12.5 mg of chlorthalidone or 25 mg of 
hydrochlorothiazide in combination with an ACE inhibitors or ARBs.

In using diuretics, it is important to avoid volume depletion and orthostatic hypo-
tension. Diabetic patients with autonomic neuropathy, especially elderly people, are 
more prone to orthostatic hypotension with subsequent risk of falls [10, 36–38]. 
This is particularly important in elderly diabetic patients who are often on multiple 
hypertensive medications [10].

 ACE Inhibitors, ARBS, ARNI

The RAAS is linked to the pathophysiology of various conditions, such as hyperten-
sion, dyslipidemia, insulin resistance, and inflammation. Ang II has two major types 
of receptors: ATI and ATII. ATI receptors are responsible for most the deleterious 
effects of Ang II, including vasoconstriction and aldosterone release, and growth 
and remodeling [141, 142] ACE inhibitors block the conversion of Ang I to Ang 
II. ARBs selectively block the binding of Ang II to (AT1) receptors. ACE is also a 
kininase, degrading bradykinin to non-active products; thus, ACE inhibitor treat-
ment increases kinins levels [141].

Bradykinin is a vasodilator, which might be beneficial for hypertension, as it 
promotes endothelial production of NO [10]. However, it might be also responsible 
for the cough that some patients develop while taking ACE inhibitors.

Multiple clinical trials have provided cumulative evidence that using an antihy-
pertensive agent that interrupts the RAS results in beneficial CVD and renal 
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outcomes in hypertensive diabetic patients [141–143]. For example, the Heart 
Outcomes Prevention Evaluation (HOPE) study included 3577 diabetic patients 
who had also at least one other CVD risk factor. The participants were randomized 
to receive either ramipril (an ACE inhibitor) or placebo and were followed up for 
about 4.5 years. Compared to placebo, ramipril lowered the rates of MI, stroke, and 
all- cause mortality in diabetic patients by 22%, 33%, and 24%, respectively [144]. 
The CVD benefits of an ARB (losartan) were compared to a β-blocker (atenolol), in 
the Losartan Intervention For Endpoint reduction (LIFE) study. Losartan in diabetic 
hypertensive patients with LVH lowered the CVD mortality and total mortality by 
37% and 39%, respectively [145]. In the HOPE trial, new-onset diabetes was 
decreased by 35%, and in the LIFE study, new-onset diabetes was decreased by 
25% of those that began the study without evidence of clinical diabetes [144, 145]. 
In the recent valsartan antihypertensive long-term use evaluation (VALUE) trial, 
new-onset diabetes was decreased in the valsartan group by 23% compared to the 
amlodipine-treated patients [146].

RAAS blockade has also been shown to reduce the risk for renal disease and 
renal disease progression in diabetes [141]. The benefits of ACE inhibitors in renal 
disease in type 2 appear promising, but there is a need for more investigation [147]. 
On the other hand, several major clinical trials, the Reduction of Endpoints in 
NIDDM with Angiotensin II Antagonist Losartan (RENAAL) trial [148], the 
IRbesartan MicroAlbuminuria type II diabetes in hypertension patients (IRMA II) 
trial [149], the Irbesartan in Diabetic Nephropathy Trial [150], and the 
Microalbuminuria Reduction with VALsartan [151], demonstrated the renal protec-
tion effects of ARBs. Indeed, the mean BP was similar in the placebo and valsartan- 
treated groups, indicating that ARBs renal protection effects are independent of BP 
reduction. In the RENAAL trial, which was done on diabetic patients with impaired 
renal function (creatinine 1.3–3 mg/dL) and proteinuria, losartan reduced the risk of 
the primary endpoint (a composite of doubling of serum creatinine, end-stage renal 
disease [ESRD], and death from any cause) by 16%. The risk of doubling of serum 
creatinine and ESRD was reduced by 25% and 28%, respectively [148]. Furthermore, 
the risk of the first hospitalization for congestive heart failure was reduced by 32%. 
Treatment with 300 mg of irbesartan in the IRMA II trial increased regression of 
microalbuminuria back to values within the normal range by 37% [149]. The com-
bination of an ACE inhibitor and an ARB in the Candesartan And Lisinopril 
Microalbuminuria trial was associated with significantly more reduction in urinary 
albumin to creatinine ratio (50%) than with either agent alone (24% for candesartan 
and 39% for lisinopril) [152].

ACE inhibitors are generally well tolerated by patients; they have no adverse 
effects on lipids or cation metabolism. Clinically important side effects are cough 
(up to 15%), hyperkalemia, and rarely angioedema. In patients with underlying 
renal disease or longstanding hypertension, initiation of ACE inhibitor therapy 
might cause a small increase in serum creatinine levels, which does not necessitate 
discontinuation of the agents. If creatinine levels rise to more than 30% or show 
progressive increase on repeated measurements, treatment should be stopped and 
volume status examined carefully [153].
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Many of these patients will be hypovolemic as a result of over treatment with 
diuretics, and with the resumption of more normal volume status, the ACE inhibi-
tors can be safely reinitiated. ACE inhibitors are relatively contraindicated in 
patients with bilateral renal artery stenosis or unilateral renal stenosis if they have 
one kidney as a result of a greater risk of these patients to develop acute renal fail-
ure. ARBs are very well tolerated, and the incidence rates of cough and angioedema 
are much lower than those of ACE inhibitor treatment [154, 155]. Both hyperkale-
mia and azotemia may be associated with ARB and ACE inhibitory therapy. The 
JNC 7 recommended the use of an ARB as one of several alternative first-line thera-
pies for patients with hypertension who cannot tolerate or who do not respond to the 
recommended first-line medications [133]. Additionally, ARBs were also recom-
mended as an initial therapy for those who could not tolerate ACE inhibitors (usu-
ally because of cough) and in whom ACE inhibitors are recommended [133], such 
as patients with diabetes and proteinuria, heart failure, systolic dysfunction, post-
 MI, and those with mild renal insufficiency.

The combination of ACE inhibitors/ARBs with thiazides helps to minimize the 
adverse effect on serum potassium levels. The interesting finding from HOPE and 
LIFE trials suggests that both ACE inhibitors and ARBs decrease the incidence of 
new-onset diabetes [144, 145]. Ongoing prospective studies are more definitely 
evaluating the potential of these agents to lessen the development of clinical diabe-
tes in patients with essential hypertension and others with high risk for developing 
diabetes [134]. Angiotensin receptor neprilysin inhibitor (ARNI) might improve 
glycemic control. In PARADIGM-HF trial, patients with heart failure and diabetes 
who received sacubitril/valsartan had a greater long-term reduction in HbA1c than 
those receiving enalapril [156].

 β-Blockers

β-Blockers are useful in the treatment of hypertensive diabetic patients with isch-
emic heart disease. Also, β-blockers have been established as a mainstay of treat-
ment for heart failure [157]. There are some controversial concerns regarding their 
metabolic adverse effects [158]. β-Blocker might increase risk of hypoglycemia 
among diabetic patients [159]. In the Atherosclerosis Risk In Communities study, 
β-blocker treatment was associated with28% increased risk of developing diabetes 
compared to no-medication group [160]. β-Blockers are a heterogeneous class of 
medications, having disparate metabolic and hemodynamic properties [160]. Both 
selective β-1 blockers and non-selective β -blockers increase insulin resistance. In 
contrast, vasodilating β-blockers may improve insulin action [161]. In a study of 45 
hypertensive diabetic patients who were treated with either carvedilol or atenolol, 
carvedilol was associated with 20% increase in glucose disposal (vs 10% decrease 
with atenolol), a 20% reduction in serum triglyceride levels (vs 12% elevation), and 
an 8% increase in serum HDL cholesterol (vs 12% decrease with atenolol) [162]. In 
the UKPDS study, atenolol was as effective as captopril in reducing microvascular 

Y. S. Chowdhury et al.



415

and macrovascular events [122]. There was no significant difference in all-cause 
mortality between selective β1-adrenergic receptor blocker (metoprolol succinate) 
versus non-selective β1-β2-α1-blocker (carvedilol), in patients with diabetes and 
heart failure [163].

 Calcium Channel Blockers

CCBs are generally classified into two classes, dihydropyridines (DHP-CCBs; e.g., 
nifedipine and newer agents, like amlodipine) and non-dihydropyridines (NDHP- 
CCBs; e.g., verapamil and diltiazem). Long-acting DHP-CCBs and NDHP-CCBs 
are safe, effective, and have no adverse effects on serum lipids. They can be added 
to ACE inhibitors and diuretics in diabetic patients to achieve the BP target of 
130/80 mmHg [35]. In the ALLHAT study, amlodipine had comparable effects to 
chlorthalidone on CHD, stroke, and all-cause mortality rate. Interestingly, non- 
cardiovascular mortality rate was significantly lower and renal function better pre-
served in amlodipine group [139]. The ALLHAT study underscores the value of 
DHP-CCBs, as one of the antihypertensive drugs that are useful in treating the 
patients with diabetes and hypertension [35, 139]. In the VALUE study [146], 
amlodipine was associated with a more pronounced BP control, particularly early 
in the trial, compared to valsartan. However, despite BP differences, the primary 
composite cardiac endpoint was not different between the two treatment 
groups [146].

 Other Pharmacological Interventions to Treat Coronary 
Heart Disease

 Risk Factors

In addition to lifestyle modifications and antihypertensive medications, it is very 
important to address the other CVD risk factors, which are commonly found in 
hypertensive diabetic population. For example, the degree of hyperglycemia is asso-
ciated epidemiologically with the incidence of microvascular and macrovascular 
disease. Controlling blood sugar significantly improves microvascular complica-
tions, but effects on macrovascular complications have not been proved [164]. On 
the other hand, statin therapy is highly beneficial for diabetic patients [165–167]. 
The beneficial effects of statins are independent of their classical actions on lipopro-
teins [167]. These effects include reductions in inflammation in the vasculature, 
kidney, and bone. Potential beneficial effects of these agents also include enhance-
ment of NO production in vasculature and the kidney. These agents may improve 
insulin sensitivity and reduce the likelihood of persons progressing from IGT to 
type 2 diabetes [167].
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The low-density lipoprotein (LDL) cholesterol goal in diabetic patient, as gener-
ally recognized, is less than 100 mg/dL [13], or lower. Furthermore, a non-HDL 
cholesterol of less than 130 mg/dL, in those with serum triglyceride levels greater 
than 200 mg/dL is increasingly recognized as an important target goal, as well [13]. 
Diabetes and hypertension associated with high risk for stroke. Using aspirin along 
with hypertension and lipid treatment significantly reduces the risk [168].

Finally, it is important to emphasize that adequate lowering of BP in this high- 
risk group of patients with hypertension and diabetes often requires a minimum of 
three drugs, at least one of which should be an ACE inhibitor, if tolerated. Indeed, 
at least six clinical trials unequivocally demonstrate the substantial benefits of 
aggressive BP lowering in diabetic patients.

 Conclusions

Hypertension is a common co-morbidity in people with diabetes. It substantially 
increases the risk of CVD in this patient population. The goal of treatment of hyper-
tension in patients with diabetes is to prevent the hypertension-associated increase 
risk of CVD death and disability. Persons with DM often have more labile BPs are 
more susceptible to postural hypotension, and often do not have a normal nocturnal 
“dip” of BPs.

Thus, the level of BP and the diagnosis of hypertension should be based on mul-
tiple BP measurements obtained in a standardized fashion on at least three occa-
sions. Because of the tendency to orthostatic hypotension, standing BPs should be 
measured at each office visit. Furthermore, because of the increased BP variability 
in these patients, ambulatory BP measurements or home BP monitoring may be 
very useful. The consensus BP goal in diabetic persons with hypertension is less 
than 130/80  mmHg. Pharmacological therapy should be initiated when lifestyle 
modifications do not lower BP to less than 130/80  mmHg in these patients. 
Combination therapy is usually necessary for adequate BP control. Recent data 
from several clinical studies, including the UKPDS emphasizes the importance of 
rigorous BP control, requiring several antihypertensive medications.
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Chapter 14
Diabetes and Dyslipidemia

Kenneth R. Feingold and Carl Grunfeld

 Introduction

Atherosclerotic cardiovascular disease (ASCVD) is a major cause of morbidity and 
mortality in both men and women with type 1 and type 2 diabetes [1–5]. In addition 
to coronary disease, ASCVD includes stroke and peripheral vascular disease (PVD). 
PVD is common in diabetes, may be the first presentation of ASCVD, and should 
be recognized as needing aggressive treatment of dyslipidemia. In patients with 
type 2 diabetes the risk of cardiovascular disease is increased approximately three- 
to fourfold in women and twofold in men [1, 2, 5–7]. The annual rate of cardiovas-
cular disease in the Framingham study was similar in men and women with diabetes, 
emphasizing that woman with diabetes need as aggressive treatment as men with 
diabetes to prevent cardiovascular disease [1, 6]. Several but not all studies have 
observed that patients with diabetes who have no clinical history of cardiovascular 
disease have approximately the same risk of having a myocardial infarction as non- 
diabetic patients who have a history of cardiovascular disease, i.e., diabetes is an 
equivalent risk factor as a history of a previous cardiovascular event [8, 9]. The 
duration of diabetes and the presence of other risk factors for cardiovascular disease 
likely determine whether a patient with diabetes has a risk equivalent to patients 
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with a history of previous cardiovascular events [10, 11]. Importantly, many studies 
have found that patients with both diabetes and cardiovascular disease are at an 
extremely high risk of having another event, indicating that these individuals need 
especially aggressive preventive measures [4, 9]. This increased risk in patients with 
diabetes compared to patients without diabetes for the development of ASCVD is 
seen both in populations where the prevalence of cardiovascular disease is high 
(Western societies) and low (for example, Japan) [1]. Myocardial infections may be 
lethal arguing for early treatment. However, in countries where the prevalence of 
ASCVD is low, the contribution of cardiovascular disease as a cause of morbidity 
and mortality in patients with diabetes is reduced [1].

While the number of studies is not as great, the evidence indicates that patients 
with type 1 diabetes are also at higher risk for the development of cardiovascular 
disease [4, 12–14]. Notably, women with type 1 diabetes have twice the excess risk 
of both fatal and non-fatal vascular events compared to men with type 1 diabetes 
[15, 16]. It is important to recognize that developing type 1 diabetes at a young age 
increases the risk of cardiovascular disease to a greater extent than late onset type 1 
diabetes [16]. Furthermore, the risk of developing cardiovascular disease in patients 
with type 1 diabetes is increased by obesity and the metabolic syndrome and 
approximately 50% of patients with type 1 diabetes are obese or overweight and 
between 8% and 40% meet the criteria for the metabolic syndrome [17].

The development of diabetes at a young age increases the risk of cardiovascular 
disease in patients with both type 1 diabetes and type 2 diabetes, but the deleterious 
impact is greater in patients with type 2 diabetes [18]. The increased risk in patients 
with type 2 diabetes is likely due to the increased prevalence of other cardiovascular 
risk factors (hypertension, dyslipidemia, obesity). Finally, concomitant renal dis-
ease in patients with both type 1 and type 2 diabetes increases the risk of cardiovas-
cular disease [2, 12].

Of particular note is that the risk of developing cardiovascular disease in patients 
with diabetes has recently decreased, most likely due to better treatment of blood 
pressure and dyslipidemia [3, 7, 19]. This finding supports the need to aggressively 
treat these risk factors in patients with diabetes.

 Role of Risk Factors in ASCVD

Numerous studies have demonstrated that the traditional risk factors for ASCVD 
play a very important role in increasing the risk of ASCVD in patients with diabetes 
[1–3, 20]. Patients with diabetes without other risk factors have a relatively low risk 
of cardiovascular disease (albeit higher than similar non-diabetic patients), whereas 
the increasing prevalence of other risk factors markedly increases the risk of devel-
oping cardiovascular disease [1]. The major reversible traditional risk factors are 
hypertension, cigarette smoking, and dyslipidemia [1–3, 12, 21]. Other risk factors 
include obesity (particularly visceral obesity), insulin resistance, procoagulant state 
(increased PAI-1, fibrinogen), family history of early cardiovascular disease, 
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homocysteine, renal disease, albuminuria, and inflammation (C-reactive protein, 
SAA, cytokines) [1–3, 20, 21]. It has become clear that to reduce the risk of cardio-
vascular disease in patients with diabetes, one will not only need to improve glyce-
mic control but also address these other cardiovascular risk factors. The remainder 
of this chapter will focus on the dyslipidemia that occurs in patients with diabetes 
and how to reduce the impact of this risk factor on cardiovascular disease.

 Role of Lipids in ASCVD

Similar to studies in the non-diabetic population, studies have shown that increased 
LDL-C and non-HDL-C levels and decreased HDL-C levels are associated with an 
increased risk of cardiovascular disease in patients with diabetes [1, 2, 20, 21]. In 
the UKPDS type 2 diabetes cohort, LDL-C levels were the strongest predictor of 
coronary artery disease [22]. While it is widely recognized that elevated levels of 
LDL-C and non-HDL-C cause atherosclerosis and cardiovascular disease, the role 
of decreased HDL-C is less certain. Genetic studies and studies of niacin and cho-
lesterol ester transport proteins inhibitors (CETP inhibitors), drugs that raise HDL- 
C, have not supported low HDL-C levels per se as a causative factor for atherosclerosis 
[23]. Rather it is currently hypothesized that HDL function is associated with ath-
erosclerosis risk and that HDL function does not precisely correlate with HDL-C 
levels [23].

Elevations in serum triglyceride levels also are associated with an increased risk 
of cardiovascular disease in patients with diabetes [2, 21, 24]. Elevated triglycerides 
are usually accompanied by increased non-HDL cholesterol. It is not clear whether 
increased triglyceride levels directly cause atherosclerosis and cardiovascular dis-
ease or whether the elevation in triglycerides is a marker for other abnormalities [2, 
21, 24, 25]. Recent Mendelian randomization studies of genes affecting triglyceride 
metabolism have provided support for the hypothesis that elevated triglyceride lev-
els play a causal role in atherosclerosis [25, 26], but studies have not yet demon-
strated that specifically lowering triglyceride levels reduces cardiovascular events.

 Lipid Abnormalities in Patients with Diabetes

In patients with type 1 diabetes in good glycemic control, the lipid profile is very simi-
lar to lipid profiles in the non-diabetic population [20]. In some studies HDL-C levels 
are modestly increased in patients with type 1 diabetes [27]. In contrast, in patients 
with type 2 diabetes, even when in good glycemic control, there are abnormalities in 
the lipid profile [28–31]. It is estimated that 30–60% of patients with type 2 diabetes 
have lipid abnormalities [3, 32]. Specifically, patients with type 2 diabetes frequently 
have an increase in serum triglyceride, VLDL, and IDL levels and a decrease in 
HDL-C levels. Non-HDL-C levels are increased due to the increase in VLDL and IDL.
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LDL-C levels are usually similar to LDL-C levels in non-diabetic subjects, but 
there is an increase in small dense LDL, a lipoprotein particle that is particularly 
pro-atherogenic [33]. While triglyceride levels are the strongest predictor of the 
presence of small dense LDL, an increase in small particles may be present without 
frank hypotriglyceridemia. As a consequence of an increase in small dense LDL 
particles, there are more LDL particles, which together with the increases in VLDL 
and IDL particles, leads to an elevation in apolipoprotein B levels [28–31]. 
Additionally, the postprandial increase in serum triglyceride levels is accentuated 
and elevations in postprandial lipids are associated with an increased risk of cardio-
vascular disease [28–31].

It should be recognized that the lipid changes observed in patients with type 2 
diabetes are characteristic of the alterations in lipid profile seen in obesity and the 
metabolic syndrome (insulin resistance syndrome) [34]. Since many patients with 
type 2 diabetes are obese, insulin resistant, and have the metabolic syndrome, it is 
not surprising that the prevalence of increased triglycerides and small dense LDL 
and decreased HDL-C is common in patients with type 2 diabetes even when these 
patients are in good glycemic control. Obesity is also accompanied by increased 
systemic inflammation.

As noted above the function of HDL may be of greater importance in determin-
ing the risk of developing atherosclerosis than HDL-C levels. Studies have demon-
strated that the anti-oxidant and anti-inflammatory functions of HDL, which are 
hypothesized to be anti-atherogenic, are reduced in HDL isolated from patients with 
type 1 and type 2 diabetes [27, 35]. Additionally, the ability of HDL to facilitate 
cholesterol efflux, the first step in reverse cholesterol transport, is also reduced in 
patients with type 1 and type 2 diabetes [36, 37]. Together these findings indicate 
that HDL function is perturbed in patients with diabetes, which could increase the 
risk of developing atherosclerosis. Additionally, these observations indicate that 
HDL-C levels per se may not fully reflect risk of cardiovascular disease in patients 
with diabetes.

In patients with both type 1 and type 2 diabetes, poor glycemic control increases 
serum triglyceride, VLDL, IDL, and non-HDL cholesterol levels and decreases 
HDL-C levels [29]. Poor glycemic control can also result in a modest increase in 
LDL-C, which because of the elevation in triglycerides is typically in the small 
dense LDL subfraction. It is therefore important to optimize glycemic control in 
patients with diabetes because this will have beneficial effects on lipid levels.

Lipoprotein(a) (Lp (a)) levels are usually within the normal range in patients 
with type 1 and type 2 diabetes [38]. Many studies have observed no impact of dia-
betes mellitus on Lp(a) levels, while some studies have reported an elevation and 
some studies a decrease in Lp(a) concentrations [38]. The development of microal-
buminuria and the onset of renal disease are associated with an increase in Lp (a) 
levels in patients with diabetes [39]. Of note low Lp(a) levels are associated with an 
increased risk of developing type 2 diabetes [38]. A recent very large case–control 
study found that Lp(a) concentrations in the bottom 10% increases type 2 diabetes 
risk [40]. The mechanism by which low Lp(a) levels is associated with an increased 
risk of developing type 2 diabetes is unknown (Table 14.1).
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Table 14.1 Lipid abnormalities in patients with diabetes

Type 1 
diabetes

Lipid profile is similar to controls if glycemic control is good

Type 2 
diabetes

Increased triglycerides, VLDL, IDL, non-HDL-C, and apolipoprotein 
B. Decreased HDL-C. Normal LDL-C but an increase in small dense LDL and 
LDL particle number

Poor glycemic 
control

Increased triglycerides, VLDL, IDL, and apolipoprotein B and decreased 
HDL-C. Modest increase in LDL-C with increase in small dense LDL and 
particle number

Table from reference [41] with permission

 Effect of Glucose-Lowering Drugs on Lipids

Therapies employed to lower glucose levels may have an impact on lipid levels 
above and beyond their effects on glucose metabolism. In reviewing the literature, 
it is often very difficult to separate the effects of improving glycemic control vs. the 
direct effect of the drugs. Moreover, many of the changes induced by drug therapy 
result in only small changes in LDL-C, HDL-C, and triglyceride levels, are variable 
from study to study, and are therefore of questionable clinical significance.

Insulin, sulfonylureas, meglitinides, DPP4 inhibitors, and alpha-glucosidase 
inhibitors do not appear to markedly alter fasting lipid profiles other than by improv-
ing glucose control (there are data indicating that DPP4 inhibitors and acarbose 
decrease postprandial triglyceride excursions, but they do not markedly alter fasting 
lipid levels) [42]. In contrast, metformin, colesevelam, thiazolidinediones, GLP1 
receptor agonists, bromocriptine-QR, and SGLT2 inhibitors have been reported to 
have effects independent of glycemic control on serum lipid levels.

Metformin modestly decreases serum triglyceride and LDL-C levels without 
altering HDL-C levels [42]. In a meta-analysis of 37 trials with 2891 patients, met-
formin decreased triglycerides by 11 mg/dL when compared with control treatment 
(p = 0.003) [43]. In an analysis of 24 trials with 1867 patients, metformin decreased 
LDL-C by 8 mg/dL compared to control treatment (p < 0.001) [43]. Metformin may 
increase LDL particle size [44]. In contrast, metformin did not significantly alter 
HDL-C levels [43]. Thus, metformin has a small effect on lipid levels.

Colesevelam, a bile acid sequestrant that is approved for glucose lowering, 
decreases LDL-C levels by 15–20% [45, 46]. Bile acid sequestrants by binding bile 
acids in the intestine result in a decrease in hepatic bile acid levels leading to the 
increased utilization of cholesterol to synthesize bile acids in the liver. A reduction 
in hepatic cholesterol levels leads to the upregulation of LDL receptor expression 
and the enhanced uptake of circulating LDL reducing LDL-C levels [45]. The effect 
of bile acid sequestrants on triglyceride levels varies [45]. In patients with normal 
triglyceride levels, bile acid sequestrants modestly increase triglyceride levels. 
However, as baseline triglyceride levels increase, the effect of bile acid sequestrants 
on plasma triglyceride levels becomes greater, and can result in substantial increases 
in triglyceride levels [45]. Bile acid sequestrants are contraindicated in patients with 
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triglycerides >500 mg/dL [45]. Despite the increase in triglycerides, colesevelam 
has little effect on HDL-C levels. Surprisingly, despite the increase in triglycerides 
colesevelam administration is accompanied by an increase in both VLDL and LDL 
particle size [47].

The effect of thiazolidinediones on the lipid profile differs slightly between rosi-
glitazone and pioglitazone. Both drugs increase LDL-C and HDL-C levels [42]. 
This is accompanied by reductions in the small dense LDL subfraction and an 
increase in the large buoyant LDL subfraction with both thiazolidinediones [42]. 
However, rosiglitazone only decreases serum triglycerides if the baseline triglycer-
ide levels are high [42]. In contrast, pioglitazone has less impact on LDL-C levels 
but decreases serum triglyceride levels [42]. In the PROactive study, a large ran-
domized cardiovascular outcome study, pioglitazone decreased triglyceride levels 
by approximately 10%, increased HDL-C levels by approximately 10%, and 
increased LDL-C by 1–4% [48]. In a randomized head to head trial comparing rosi-
glitazone and pioglitazone, it was shown that pioglitazone decreased serum triglyc-
eride levels and increased serum HDL-C levels to a greater degree than rosiglitazone 
[49, 50]. Additionally, pioglitazone increased LDL-C levels less than rosiglitazone. 
In contrast to the differences in lipid parameters, both rosiglitazone and pioglitazone 
decreased A1c and C-reactive protein to a similar extent. The mechanism by which 
pioglitazone induces more favorable changes in lipid levels than rosiglitazone 
despite similar changes in glucose levels is unclear, but differential actions of 
ligands for nuclear hormone receptors are well described.

Treatment with SGLT2 inhibitors results in a small increase in LDL-C and 
HDL-C levels [42]. In a meta-analysis of 48 randomized controlled trials SGLT2 
inhibitors significantly increased LDL-C (3.8 mg/dL, p < 0.00001), HDL-C (2.3 mg/
dL, p < 0.00001), and decreased triglyceride levels (8.8 mg/dL, p < 0.00001) [51]. 
The mechanism for these increases in LDL and HDL cholesterol is unknown but 
could be due to a decrease in plasma volume. The decrease in triglyceride levels 
could be secondary to weight loss and/or inflammation.

GLP-1 receptor agonists can favorably affect the lipid profile by inducing weight 
loss (decreasing triglycerides and very modestly decreasing LDL-C levels) [42]. In a 
review by Nauck et al. it was noted that GLP-1 receptor agonists lowered triglyceride 
levels by 18–62 mg/dL depending upon the specific GLP-1 receptor agonist while 
decreasing LDL-C by 3–8 mg/dL and increasing HDL-C by less than 1 mg/dL [52]. 
Additionally, GLP-1 receptor agonists decrease postprandial triglycerides by reduc-
ing circulating chylomicrons secondary to decreasing intestinal lipoprotein produc-
tion [42, 52]. GLP-1 receptor agonists may increase the size of LDL particles [53, 
54]. DPP4 inhibitors have a similar effect on postprandial triglyceride levels as GLP-1 
receptor agonists while having minimal effects on fasting lipid levels [52]. GLP-1 
receptor agonists decrease weight and inflammation more that DPP4 inhibitors.

Finally, bromocriptine-QR (Cycloset) decreases triglyceride levels but has no 
significant effect on LDL-C or HDL-C levels [55, 56]. The decrease in triglyceride 
levels is thought to be due to a decrease in hepatic triglyceride synthesis, due to the 
reduced delivery of fatty acids to the liver for triglyceride synthesis that results from 
a decrease in adipose tissue lipolysis (Table 14.2) [57].
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Table 14.2 Effect of glucose-lowering drugs on lipid levels

Metformin Modestly decrease triglycerides and LDL-C; increase LDL particle 
size.

DPP4 Inhibitors Decrease postprandial triglycerides
GLP-1 Receptor Agonists Decrease fasting and postprandial triglycerides and small dense LDL
Rosiglitazone and 
Pioglitazone

Decrease triglycerides and increase HDL-C. Small increase LDL-C 
but a decrease in small dense LDL

Acarbose Decrease postprandial triglycerides
SGLT2 Inhibitors Small increase in LDL-C and HDL-C
Colesevelam Decrease LDL-C. May increase triglycerides
Bromocriptine-QR Decrease triglycerides
Sulfonylureas and Insulin No effect

Table from reference [41] with permission

 Pathophysiology of the Dyslipidemia of Diabetes

There are a number of different abnormalities that contribute to the dyslipidemia 
seen in patients with type 2 diabetes [29–32, 58–60].

 Increase in Triglycerides

Multiple mechanisms account for the increase in triglyceride levels seen in patients 
with type 2 diabetes, which are affected both by the level of control of glucose and 
by factors, such as obesity that also contribute to diabetes.

 Overproduction of VLDL by the Liver

A major abnormality is the hepatic overproduction of VLDL (Fig. 14.1). The rate of 
secretion of VLDL is highly dependent on triglyceride availability, which is deter-
mined by the levels of fatty acids available for the synthesis of triglycerides in the 
liver. An abundance of triglycerides inhibits the intra-hepatic degradation of Apo 
B-100 allowing for increased VLDL formation and secretion.

There are three major sources of fatty acids in the liver all of which may be 
increased in patients with type 2 diabetes. First, the movement of fatty acids from 
adipose tissue to the liver is enhanced. An increased mass of adipose tissue, particu-
larly visceral adipose tissue, results in the enhanced transport of fatty acids to the 
liver. Additionally, insulin inhibits the lipolysis of triglycerides to free fatty acids in 
adipose tissue; thus, in patients with poorly controlled diabetes due to a decrease in 
insulin levels or a decrease in insulin activity due to insulin resistance, the inhibition 
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Fig. 14.1 Mechanism for overproduction of VLDL by the liver

of triglyceride lipolysis is blunted and there is increased triglyceride lipolysis lead-
ing to increased fatty acid transport to the liver. A second source of fatty acids in the 
liver is de novo fatty acid synthesis. Numerous studies have shown that hepatic fatty 
acid synthesis is increased in patients with type 2 diabetes. This increase may be due 
to the hyperinsulinemia seen in patients with insulin resistance. While the liver is 
resistant to the effects of insulin on carbohydrate metabolism when there is insulin 
resistance, the liver remains sensitive to the effects of insulin stimulating lipid syn-
thesis [61]. Specifically, insulin increases the activity of SREBP-1c, a transcription 
factor that stimulates the expression of acetyl CoA carboxylase and fatty acid syn-
thase, the key enzymes required for the synthesis of fatty acids. Thus, while the liver 
is resistant to the effects of insulin on carbohydrate metabolism, the liver remains 
sensitive to the ability of insulin to stimulate lipid synthesis [61]. Additionally, 
hyperglycemia per se can induce another transcription factor, carbohydrate respon-
sive element binding protein (ChREBP), which also stimulates the transcription of 
the enzymes required for fatty acid synthesis [62]. The third source of fatty acids is 
the hepatic uptake of triglyceride-rich lipoproteins. Studies have shown that an 
increase in fatty acid synthesis in the intestines leads to the enhanced secretion of 
chylomicrons in animal models of type 2 diabetes. This increase in chylomicrons 
results in the increased delivery of fatty acids to the liver, which may in turn be 
secreted as VLDL.

The increase in fatty acids in the liver produced by these three pathways results 
in an increase in the hepatic synthesis of triglycerides and the protection of Apo 
B-100 from degradation resulting in the enhanced formation and secretion of 
VLDL. Finally, insulin stimulates the post-translational degradation of Apo B-100 in 
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the liver, so the decrease in insulin activity in patients with type 2 diabetes thereby 
allows for the enhanced survival of Apo B-100 promoting increased VLDL 
formation.

 Decreased Degradation of Triglyceride-Rich Lipoproteins

The decreased metabolism of triglyceride-rich lipoproteins also plays a role in the 
elevation of triglyceride levels. There is a modest decrease in lipoprotein lipase 
activity, the key enzyme that metabolizes triglyceride-rich lipoproteins. The expres-
sion of lipoprotein lipase is stimulated by insulin and decreased insulin activity in 
patients with type 2 diabetes results in a decrease in lipoprotein lipase activity, 
which plays a key role in the breakdown of the triglycerides carried in chylomicrons 
and VLDL particles. Additionally, levels of Apo C-III, a key regulator of triglycer-
ide metabolism, are increased in patients with type 2 diabetes. Glucose increases 
and insulin decreases Apo C-III expression; thus, diabetes with hyperglycemia and 
either insulin deficiency or insulin resistance contribute together to increases in Apo 
C-III levels. Apo C-III is an inhibitor of lipoprotein lipase activity and thereby 
reduces the clearance of triglyceride-rich lipoproteins. Additionally, Apo C-III also 
inhibits the cellular uptake of lipoproteins. Recent studies have shown that loss of 
function mutations in Apo C-III leads to decreased serum triglyceride levels and a 
reduced risk of cardiovascular disease [63, 64]. Notably, inhibition of Apo C-III 
expression leads to a decrease in serum triglyceride levels even in patients deficient 
in lipoprotein lipase, indicating that the ability of Apo C-III to regulate serum tri-
glyceride levels is not solely dependent on affecting lipoprotein lipase activity [65]. 
Thus, in patients with diabetes, a decrease in clearance of triglyceride-rich lipopro-
teins also contributes to the elevation in serum triglyceride levels.

 Effects of Hypertriglyceridemia on HDL and LDL

The elevation in triglyceride-rich lipoproteins has effects on the size and composi-
tion of LDL and HDL particles (Fig. 14.2). Specifically, cholesterol ester transfer 
protein (CETP) mediates the exchange of triglycerides from triglyceride-rich VLDL 
and chylomicrons to LDL and HDL. The increase in triglyceride-rich lipoproteins 
per se leads to an increase in CETP-mediated exchange, increasing the triglyceride 
content of both LDL and HDL. The triglyceride on LDL and HDL is then hydro-
lyzed by hepatic lipase and lipoprotein lipase leading to the production of small 
dense LDL and small HDL particles. Furthermore, hepatic lipase activity is 
increased in patients with type 2 diabetes, which will facilitate the removal of tri-
glyceride from LDL and HDL resulting in small lipoprotein particles. Thus, the 
elevation in triglyceride-rich lipoprotein particles plays a key role in the production 
of small dense LDL and small HDL particles in patients with type 2 diabetes.
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Fig. 14.2 The effect of hypertriglyceridemia on LDL and HDL (modified from reference [41] 
with permission)

The decrease in HDL-C levels in diabetes is due to several factors. First, the 
affinity of Apo A-I for small HDL particles is reduced, leading to the disassociation 
of Apo A-I, which in turn leads to the accelerated clearance and breakdown of Apo 
A-I by the kidneys. Second, the production of Apo A-I may be reduced in patients 
with diabetes. As noted above, high glucose levels activate ChREBP and this tran-
scription factor inhibits Apo A-I expression. Lastly, insulin stimulates Apo A-I 
expression and a reduction in insulin activity may also lead to a decrease in Apo A-I 
expression. The increased clearance and decreased production of Apo A-I result in 
lower levels of Apo A-I and HDL-C levels in patients with type 2 diabetes.

 Role of Poor Glycemic Control

The above described changes lead to the typical dyslipidemia observed in patients 
with type 2 diabetes (increased triglycerides, decreased HDL-C, and an abundance 
of small dense LDL and small HDL). In patients with both type 1 and type 2 diabe-
tes, poor glycemic control can further adversely affect lipid and lipoprotein metabo-
lism. As noted above the expression of lipoprotein lipase is stimulated by insulin. If 
insulin activity is very low the expression of lipoprotein lipase is severely compro-
mised, resulting in a marked impairment in the clearance of triglyceride-rich lipo-
proteins. This delayed clearance of both chylomicrons and VLDL results in 
elevations of triglyceride-rich lipoproteins. Additionally, decreased insulin activity 
results in a marked increase in lipolysis in adipose tissue, leading to the release of 
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free fatty acids into the circulation. This increase in serum fatty acids results in the 
increased delivery of fatty acids to the liver, stimulating triglyceride synthesis in the 
liver, and the enhanced production and secretion of VLDL. Whereas patients with 
type 1 diabetes who are well controlled typically have normal serum lipid profiles, 
if their control deteriorates, they can develop hypertriglyceridemia. In patients with 
type 2 diabetes deterioration of glycemic control can further worsen their underly-
ing dyslipidemia resulting in greater elevations in serum triglyceride levels. If the 
production of new VLDL is increased sufficiently this can result in an increase in 
LDL-C levels and small dense LDL. HDL-C levels may decrease due to the forma-
tion of small HDL that are more susceptible to accelerated clearance and decreased 
Apo A-I synthesis. Improvements in glycemic control can markedly lower serum 
triglyceride levels and may increase serum HDL-C levels. In patients with very 
poorly controlled diabetes improvements in glycemic control may also decrease 
LDL-C levels.

 Role of Obesity and Inflammation

Many if not most patients with type 2 are obese and increasing number of patients 
with type 1 are also obese. Obesity is a pro-inflammatory state due to the macro-
phages that infiltrate adipose tissue. The cytokines produced by these macrophages 
and the adipokines that are produced by fat cells can also alter lipid metabolism [66, 
67]. The pro-inflammatory cytokines, TNF and IL-1, inhibit the expression of lipo-
protein lipase and stimulate the expression of angiopoietin, like protein 4, an inhibi-
tor of lipoprotein lipase [68]. Together these changes decrease lipoprotein lipase 
activity, thereby delaying the clearance of triglyceride-rich lipoproteins. Additionally, 
pro-inflammatory cytokines stimulate lipolysis in adipocytes increasing circulating 
free fatty acid levels, which will provide substrate for triglyceride synthesis in the 
liver. Moreover, pro-inflammatory cytokines stimulate hepatic de novo fatty acid 
and triglyceride synthesis. These alterations will increase the production and secre-
tion of VLDL.  Thus, increases in the levels of pro-inflammatory cytokines will 
stimulate the production of triglyceride-rich lipoproteins and delay the clearance of 
triglyceride-rich lipoproteins, which together will contribute to the increase in serum 
triglycerides that occurs in obese patients with type 1 and type 2 diabetes.

Obesity and the increase in pro-inflammatory cytokines may also affect HDL-C 
levels [68–70]. First, pro-inflammatory cytokines inhibit the production of Apo A-I, 
the main protein constituent of HDL. Second, in many tissues pro-inflammatory 
cytokines decrease the expression of ABCA1 and ABCG1, which will lead to a 
decrease in the efflux of phospholipids and cholesterol from the cell to HDL decreas-
ing the formation of mature HDL. Third, pro-inflammatory cytokines inhibit the 
production and activity of LCAT, which will limit the conversion of cholesterol to 
cholesterol esters in HDL. This conversion step is required for the formation of a 
normal spherical HDL particle and is crucial for the ability of HDL to increase the 
efflux of cholesterol from cells (including macrophages). Together these effects 
may lead to a decrease in HDL-C levels and a decrease in reverse cholesterol 
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transport. Reverse cholesterol transport plays an important role in preventing cho-
lesterol accumulation in macrophages and thereby reduces atherosclerosis. In obe-
sity, there may also be an increase in uptake of HDL2 by adipose tissue [71].

Inflammation also decreases other important functions of HDL, such as its abil-
ity to prevent LDL oxidation [72]. This reduction in the ability of HDL to protect 
from oxidation may be mediated in part by lower levels of the enzyme paraoxonase, 
which is commonly seen in patients with diabetes and secondary to Inflammation 
[66, 73]. Likewise, the inflammation seen with insulin resistance in type 2 diabetes 
increases the concentration of ceramides in LDL, which promotes LDL aggrega-
tion, enhancing LDL uptake by macrophages [74, 75].

 Role of Adipokines

Adipokines, such as leptin, adiponectin, and resistin, regulate lipid metabolism and 
the levels of these adipokines are altered in patients with obesity. Obesity increases 
serum leptin levels and leptin stimulates lipolysis in adipocytes leading to increases 
in serum free fatty acid levels [76]. The serum levels of adiponectin are decreased 
in patients who are obese [77]. Decreased adiponectin levels are associated with 
elevations in serum triglyceride levels and decreases in HDL-C levels [77]. These 
associations are thought to be causal as studies in mice have demonstrated that adi-
ponectin knockout mice have increased triglyceride and decreased HDL-C levels 
while conversely, overexpressing adiponectin (transgenic mice) decreases triglycer-
ide and increases HDL-C levels [77]. The adiponectin-induced decrease in triglyc-
eride levels is mediated by an enhanced catabolism of triglyceride-rich lipoproteins 
due to an increase in lipoprotein lipase activity and a decrease Apo C-III, an inhibi-
tor of lipoprotein lipase [77]. The increase in HDL-C levels induced by adiponectin 
is mediated by an increase in hepatic Apo A-I and ABCA1, which results in the 
increased production of HDL particles [77].

Resistin is elevated in patients who are obese and the levels of resistin directly 
correlate with plasma triglyceride levels [78]. Moreover, resistin has been shown to 
stimulate hepatic VLDL production and secretion due to an increase in the synthesis 
of Apo B, triglycerides, and cholesterol [78, 79]. Finally, resistin is associated with 
a decrease in HDL-C and Apo A-I levels [78].

 Effect of Lipid-Lowering on Atherosclerotic Cardiovascular 
Events in Diabetes

In order to understand the current recommendations for the treatment of lipids in 
patients with diabetes it is essential to be familiar with the results of lipid-lowering 
trials on cardiovascular outcomes in patients with diabetes.
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 Life Style Studies

There are very few randomized trials examining the effect of lifestyle changes on 
cardiovascular outcomes in patients with diabetes. Additionally, while it is well rec-
ognized that lifestyle changes can alter lipid levels, these studies were not primarily 
designed to determine the role of changes in lipid levels on the effect of lifestyle 
alterations on cardiovascular outcomes.

The Look Ahead trial failed to demonstrate that lifestyle changes result in a 
reduction in cardiovascular events [80]. In this trial, approximately 5000 overweight 
or obese patients with type 2 diabetes were randomized to either an intensive life-
style intervention group that promoted weight loss through decreased caloric intake 
and increased physical activity or to a group that received diabetes support and 
education (control group). After a median follow-up of 9.6 years there was no dif-
ference in cardiovascular events (hazard ratio in the intervention group, 0.95; 
p = 0.51). A major limitation of this study was that while the weight difference 
between groups was impressive during the first year of the trial, over time the differ-
ences greatly narrowed such that by the end of the trial the intensive group had a 
6.0% weight loss, while the control group had a 3.5% weight loss. This very modest 
difference at the end of the trial demonstrates the difficulty in sustaining long-term 
lifestyle changes. In a post hoc analysis, individuals who lost at least 10% of their 
bodyweight in the first year of the study had a 21% lower risk of cardiovascular 
events (HR 0.79; p = 0.034) [81]. Thus, while lifestyle changes are likely to be ben-
eficial in reducing cardiovascular events, in clinical practice they are rarely suffi-
cient because long-term life style changes are very difficult for most patients to 
maintain.

In contrast to the failure of the Look Ahead trial to reduce cardiovascular events, 
the PREDIMED trial employing a Mediterranean diet (increased monounsaturated 
fats) did decrease the incidence of major cardiovascular disease [82, 83]. In this 
multicenter trial center trial over 7000 patients at high risk for developing cardio-
vascular disease were randomized to a Mediterranean diet supplemented with extra- 
virgin olive oil, a Mediterranean diet supplemented with mixed nuts, or a control 
diet. Approximately 50% of the patients in this trial had type 2 diabetes. In the 
patients assigned to the Mediterranean diets there was 29% decrease in myocardial 
infarctions, strokes, and deaths from cardiovascular disease. Subgroup analysis 
demonstrated that the Mediterranean diets were equally beneficial in patients with 
and without diabetes. The Mediterranean diet resulted in a small but significant 
increase in HDL-C levels, a small decrease in both LDL-C and triglyceride levels 
and an improvement o in lipoprotein sub-particles [84]. The Mediterranean diets 
also improved the functions of HDL in reverse cholesterol transport and anti-oxi-
dant activity [85]. The results of this trial indicate that we should be encouraging 
our patients with diabetes to follow a Mediterranean type diet. It is likely that the 
beneficial effects of the Mediterranean diet on cardiovascular disease are mediated 
by multiple mechanisms with alterations in lipid levels making only a minor 
contribution.
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 Monotherapy Drug Studies

 Statins

The Cholesterol Treatment Trialists analyzed data from 18,686 subjects with diabe-
tes (mostly type 2 diabetes) from 14 randomized trials [86]. In the statin-treated 
group there was a 9% decrease in all-cause mortality, a 13% decrease in vascular 
mortality, and a 21% decrease in major vascular events per 39 mg/dL reduction in 
LDL-C levels. The beneficial effect of statin therapy was seen in both primary and 
secondary prevention patients. The effect of statin treatment on the reduction in 
cardiovascular events in patients with diabetes was similar to that observed in non- 
diabetic subjects. Thus, these studies indicate that statins are beneficial in reducing 
cardiovascular disease in patients with diabetes. Because of the large number of 
patients with diabetes included in the Heart Protection Study (HPS) and CARDS 
these two studies will be discussed in greater depth.

The HPS was a double-blind randomized trial that studied patients at high risk 
for the development of cardiovascular events, including patients with a history of 
myocardial infarctions, other atherosclerotic lesions, diabetes, and/or hypertension 
[87, 88]. The study therefore examined both primary and secondary prevention. 
Patients were between 40 and 80 years of age and had to have total serum choles-
terol levels greater than 135 mg/dL. The major strength of this trial was the large 
number of patients studied (>20,000). The diabetes subgroup included 5963 sub-
jects and thus was as large as many other prevention trials. The study was a 2 × 2 
study design comparing simvastatin 40 mg/day vs. placebo and anti-oxidant vita-
mins (vitamin E 600 mg, vitamin C 250 mg, and beta-carotene 20 mg) vs. placebo 
and lasted approximately 5 years. Analysis of the group randomized to the anti- 
oxidant vitamins revealed no beneficial or harmful effects. In contrast, simvastatin 
therapy (40 mg/day) reduced cardiovascular events, including myocardial infarc-
tions and strokes, by approximately 25% in all participants and to a similar degree 
in the diabetic subjects (total cardiovascular disease reduced 27%, coronary mortal-
ity 20%, myocardial infarction 37%, stroke 24%). Further analysis of the subjects 
with diabetes revealed that the reduction in cardiovascular events with statin therapy 
was similar in individuals with diabetes diagnosed for a short duration (<6 years) 
and for a long duration (>13 years). Similarly, patients with diabetes in good glyce-
mic control (HbA1c < 7%) and those not in ideal control (HbA1c > 7%) also ben-
efited to a similar degree with statin therapy. Moreover, both patients with type 1 
and type 2 diabetes had a comparable reduction in cardiovascular disease with sim-
vastatin therapy. The decrease in cardiovascular events in patients with type 1 dia-
betes was not statistically significant because of the small number of subjects. 
Nevertheless, this is the only trial that included type 1 diabetics and suggests that 
patients with type 1 will benefit from statin therapy similar to type 2 diabetics. In 
general, statin therapy reduced cardiovascular disease in all subgroups of subjects 
with diabetes (females, males, older age, renal disease, hypertension, high triglyc-
erides, low HDL, ASA therapy, etc.), i.e., statin therapy benefits all patients with 
diabetes (note this study did not include patients with end-stage renal disease but 
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other studies have failed to show benefits of statin therapy in patients with diabetes 
and end-stage renal disease) [89]. It should be noted that since patients with diabe-
tes have an increased risk of cardiovascular disease, a similar percent reduction 
means a greater reduction in absolute number of events.

The CARDS trial specifically studied patients with diabetes [90]. The patients in 
this trial were males and females with type 2 diabetes between 40 and 75 years of 
age who were at high risk of developing cardiovascular disease based on the pres-
ence of hypertension, retinopathy, renal disease, or current smoking. Of particular 
note, the subjects did not have any evidence of clinical atherosclerosis (myocardial 
disease, stroke, peripheral vascular disease), and hence, this study is a primary pre-
vention trial. Inclusion criteria included LDL-C levels less than 160 mg/dL and tri-
glyceride levels less than 600 mg/dL. It is important to recognize that the average 
LDL-C in this trial was relatively low (118 mg/dL). A total of 2838 patients with 
type 2 diabetes were randomized to either placebo or atorvastatin 10  mg/day. 
Atorvastatin therapy resulted in a 40% decrease in LDL-C levels with over 80% of 
patients achieving LDL-C levels less than 100 mg/dL. Most importantly, atorvas-
tatin therapy resulted in a 37% reduction in cardiovascular events. In addition, 
strokes were reduced by 48% and coronary revascularization by 31%. As seen in the 
HPS, subjects with relatively low LDL-C levels (LDL < 120 mg/dL) benefited to a 
similar extent as subjects with higher LDL-C levels (>120 mg/dL).

CARDS and HPS, in combination with the other statin trials, provide conclusive 
evidence that statin therapy will reduce cardiovascular events in patients with diabe-
tes. Importantly, the benefits of statin therapy are seen in patients with diabetes in 
both primary and secondary prevention trials.

Given the benefits of statin therapy, studies were designed to determine whether 
more aggressive lowering of LDL-C with statins would provide greater benefits. 
The Prove-It trial determined in patients recently hospitalized for an acute coronary 
syndrome whether aggressively lowering of LDL-C with atorvastatin 80 mg/day vs. 
moderate LDL-C lowering with pravastatin 40 mg/day would have a similar effect 
on cardiovascular end points [91, 92]. In this trial, approximately 18% of the patients 
were diabetic. As expected, the on-treatment LDL-C levels were significantly lower 
in patients aggressively treated with atorvastatin compared to the moderate treated 
pravastatin group (atorvastatin 62 mg/dL vs. pravastatin 95 mg/dL). Of great signifi-
cance, death or major cardiovascular events were reduced by 16% over the 2 years 
of the study in the group aggressively treated with atorvastatin. Moreover, the reduc-
tion of risk in the patients with diabetes in the aggressive treatment group was simi-
lar to that observed in non-diabetics.

In the treating to new targets trial (TNT) patients with stable coronary heart dis-
ease and LDL-C levels less than 130 mg/dL were randomized to either 10 or 80 mg 
atorvastatin and followed for an average of 4.9 years [93, 94]. Approximately 15% 
of the patients had diabetes. As expected, LDL-C levels were lowered to a greater 
extent in the patients treated with 80 mg atorvastatin than with 10 mg atorvastatin 
(77 mg/dL vs. 101 mg/dL). Moreover, the occurrence of major cardiovascular events 
was reduced by 22% in the group treated with atorvastatin 80 mg (p < 0.001). In the 
patients with diabetes events were reduced by 25% in the high-dose statin group. 
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Once again, the relative risk reduction in the patients with diabetes randomized to 
the aggressive treatment group was similar to that observed in non-diabetics.

Finally, the IDEAL trial was a randomized study that compared atorvastatin 
80 mg vs. simvastatin 20–40 mg in 8888 patients with a history of cardiovascular 
disease [95]. Approximately 12% of the patients had diabetes. As expected, LDL-C 
levels were reduced to a greater extent in the atorvastatin-treated group than the 
simvastatin-treated group (approximately 81 mg/dL vs. 104 mg/dL). Once again, the 
greater reduction in LDL-C levels was associated with a greater reduction in cardio-
vascular events. Specifically, major coronary events defined as coronary death, non-
fatal myocardial infarction, or cardiac arrest was reduced by 11% (p = 0.07), while 
non-fatal acute myocardial infarctions were reduced by 17% (p = 0.02).

Combining the results of these statin trials leads one to the conclusion that 
aggressive lowering of LDL-C with statin therapy will be beneficial and suggests 
that in high-risk patients lowering the LDL-C to levels well below 100 mg/dL is 
desirable. Moreover, the Cholesterol Treatment Trialists reviewed five trials with 
39,612 subjects designed to determine the effect of usual vs. aggressive reductions 
in LDL-C with statin therapy [96]. They reported that intensive control (approxi-
mately a 19 mg/dL difference in LDL-C) resulted in a 15% decrease in major vas-
cular events, a 13% reduction in coronary death or non-fatal MI, a 19% decrease in 
coronary revascularization, and a 16% decrease in strokes. As will be discussed 
below, current treatment guidelines reflect the results of these studies. Additionally, 
as described in detail below, recent studies of the addition of either ezetimibe or 
PCSK9 inhibitors to statins provides additional support that aggressive lowering of 
LDL-C levels further reduces cardiovascular events.

 Fibrates

The data demonstrating the beneficial effect of monotherapy with fibrates (e.g., 
gemfibrozil, fenofibrate) on cardiovascular disease in patients with diabetes are not 
as strong as with statins but suggests that this class of drug might also reduce cardio-
vascular events in patients with diabetes, especially in those with type 2 diabetes and 
hypertriglyceridemia (Table 14.3). The largest trial was the Field Trial [102]. In this 
trial, 9795 patients with type 2 diabetes between the ages of 50 and 75 not taking 

Table 14.3 Effect of fibrate monotherapy on cardiovascular outcomes

Study Drug
# Diabetic 
subjects

% Decrease 
controls

% Decrease 
diabetics

Helsinki Heart Study 
[97]

Gemfibrozil 135 34 60a

VA-HIT [98, 99] Gemfibrozil 620 24 24
DIAS [100] Fenofibrate 418 – 23a

SENDCAP [101] Bezafibrate 164 – 70
Field [102] Fenofibrate 9795 – 11a

From reference [41] with permission
aNot statistically significant
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statin therapy were randomized to fenofibrate or placebo and followed for approxi-
mately 5 years. Fenofibrate therapy resulted in a 12% decrease in LDL-C, a 29% 
decrease in triglycerides, and a 5% increase in HDL-C levels. The primary outcome 
was coronary events (coronary heart disease death and non-fatal MI), which were 
reduced by 11% in the fenofibrate group but did not reach statistical significance 
(p = 0.16). However, there was a 24% decrease in non-fatal MI in the fenofibrate-
treated group (p = 0.01) and a non-significant increase in coronary heart disease 
mortality. Total cardiovascular disease events (coronary events plus stroke and coro-
nary or carotid revascularization) were reduced 11% (p = 0.035). These beneficial 
effects of fenofibrate therapy on cardiovascular disease were observed in patients 
without a previous history of cardiovascular disease. In patients with a previous his-
tory of cardiovascular disease no benefits were observed. Additionally, the beneficial 
effect of fenofibrate therapy was seen only in those subjects less than 65 years of 
age. The beneficial effects of fenofibrate in this study may have been muted by the 
increased use of statins in the placebo group, which reduced the differences in lipid 
levels between the placebo and fenofibrate groups. If one adjusted for the addition of 
lipid-lowering therapy, fenofibrate reduced the risk of coronary heart disease events 
by 19% (p = 0.01) and of total cardiovascular disease events by 15% (p = 0.004).

While the results of fibrate trials for prevention of ASCVD have been very het-
erogeneous, it should be noted that fibrate trials in patients with elevated triglycer-
ide levels have reported a greater reduction of cardiovascular events [103]. 
Additionally, subgroup analysis of several fibrate trials has also suggested that the 
benefit of fibrates was greatest in patients with elevated triglyceride levels [103, 104].

The mechanism by which fibrates reduce cardiovascular events is unclear. These 
drugs lower serum triglyceride levels and increase HDL-C, but it should be recog-
nized that the beneficial effects of fibrates could be due to other actions of these 
drugs. Specifically, these drugs activate the nuclear hormone receptor PPAR alpha, 
which is present in the cells that comprise the atherosclerotic lesions, and it is pos-
sible that these compounds directly affect lesion formation and development. In 
addition, fibrates are anti-inflammatory. In fact, analysis of the VA-HIT study sug-
gested that much of the benefit of fibrate therapy was not due to changes in serum 
lipoprotein levels [98, 99].

To summarize, while the studies to date suggest that monotherapy with fibrates 
may reduce cardiovascular disease in patients with diabetes, the results are not as 
robust or consistent as seen in the statin trials. Of note fibrate therapy was most 
effective in patients with increased triglyceride levels and decreased HDL-C levels, 
a lipid profile typically seen in patients with type 2 diabetes.

 Niacin

A single randomized trial, the Coronary Drug Project, has examined the effect of 
niacin monotherapy on cardiovascular outcomes [105]. This trial was carried out 
from 1966 to 1974 (before the introduction of statin therapy) in men with a history of 
a prior myocardial infarction and demonstrated that niacin therapy reduced cardio-
vascular events. Patients on insulin were excluded from this study. The results of this 
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study were re-analyzed to determine the effect of niacin therapy in subjects with 
varying baseline fasting and 1-h post-meal glucose levels [106]. It was noted that 
6 years of niacin therapy reduced the risk of coronary heart disease death or non- fatal 
MI by approximately 15–25% regardless of baseline fasting or 1-h post- glucose chal-
lenge glucose levels. Reductions in events were seen in the subjects who had a fasting 
glucose levels >126  mg/dL or 1-h glucose levels >220  mg/dL (i.e., patients with 
diabetes). Thus, based on this single study from the pre-statin era, niacin monother-
apy reduces cardiovascular events both in normal subjects and patients with diabetes.

 Ezetimibe

A multicenter, randomized trial in Japan studied the effect of ezetimibe in patients 
aged ≥75 years with elevated LDL-C (≥140 mg/dL) without a history of coronary 
artery disease who were not taking lipid-lowering drugs [107]. Patients were ran-
domized to ezetimibe (n = 1716) or usual care (n = 1695) and followed for 4.1 years. 
The primary outcome was a composite of sudden cardiac death, myocardial infarc-
tion, coronary revascularization, or stroke. In the ezetimibe group LDL-C was 
decreased by 25.9%, while in the usual care group LDL-C was decreased by 18.5% 
(p < 0.001). By the end of the trial 9.6% of the patients in the usual care group and 
2.1% of the ezetimibe group were taking statins. Ezetimibe reduced the incidence 
of the primary outcome by 34% (HR 0.66; p = 0.002). Additionally, composite car-
diac events were reduced by 60% (HR 0.60; p = 0.039) and coronary revasculariza-
tion by 62% (HR 0.38; p = 0.007) in the ezetimibe group vs. the control group. 
Approximately 25% of the patients in this trial had diabetes and the beneficial 
effects were similar in the diabetic and non-diabetic patients. It should be noted that 
the decrease in cardiovascular events was much greater than one would expect 
based on the absolute difference in LDL-C levels (121 mg/dL in ezetimibe group vs. 
132  mg/dL). This study was prematurely terminated by the Data Monitoring 
Committee due to loss to follow-up and competing risks in this elderly population. 
As stated by the authors “Given the open-label nature of the trial, its premature 
termination, and issues with follow-up, the magnitude of benefit observed should be 
interpreted with caution.” Nevertheless, this study provides evidence that ezetimibe 
monotherapy can reduce cardiovascular events in patients with diabetes.

 Other Drugs

With regard to PCSK9 inhibitors, bempedoic acid, and bile acid sequestrants there 
have been no randomized monotherapy studies that have examined the effect of 
these drugs on cardiovascular events in patients with diabetes. In non-diabetic 
patients, monotherapy with bile acid sequestrants have reduced cardiovascular 
events [108, 109]. Since bile acid sequestrants have a similar effect on lipid levels 
in diabetic and non-diabetic subjects one would anticipate that these drugs would 
also result in a reduction in events in the diabetic population. Additionally, bile acid 
sequestrants improve glycemic control [46]. However, bile acid sequestrants can 
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raise triglyceride levels and therefore must be used with caution in hypertriglyceri-
demic patients. There are no outcome studies with PCSK9 inhibitor monotherapy in 
patients with diabetes but given that these drugs reduce LDL-C levels and in com-
bination with statins reduce cardiovascular events one would anticipate that PCSK9 
inhibitor monotherapy will also reduce cardiovascular events. Finally, a trial of 
bempedoic acid in patients with cardiovascular disease or at high risk of cardiovas-
cular disease who are intolerant of statins is currently in progress (NCT02993406).

 Combination Drug Therapy

The studies with statins have been so impressive in reducing of cardiovascular 
events that most patients with diabetes are routinely treated with statin therapy. 
Therefore, a key issue is whether the addition of other lipid-lowering drugs to statins 
will result in a further reduction in cardiovascular events. A difficulty with such 
studies is that given the robust reduction in cardiovascular events induced by statin 
therapy, very large trials are required to see an additional benefit.

 Statins + Fibrates

The ACCORD-LIPID trial was designed to determine if the addition of fenofibrate 
to aggressive statin therapy would result in a further reduction in cardiovascular 
disease in patients with type 2 diabetes [110]. In this trial, 5518 patients on statin 
therapy were randomized to placebo or fenofibrate therapy. The patients had diabe-
tes for approximately 10 years and either had pre-existing cardiovascular disease or 
were at high risk for developing cardiovascular disease. During the trial, LDL-C 
levels were approximately 80 mg/dL. There was only a small difference in HDL-C 
with the fenofibrate groups having a mean HDL-C of 41.2 mg/dL, while the control 
group had an HDL-C of 40.5 mg/dL. Differences in triglyceride levels were some-
what more impressive with the fenofibrate group having a triglyceride level of 
122  mg/dL, while the control group had a triglyceride level of 144  mg/dL.  The 
primary outcome was first occurrence of non-fatal myocardial infarction, non-fatal 
stroke, or death from cardiovascular causes and there was no statistical difference 
between the fenofibrate-treated group and the placebo group. Additionally, there 
were also no statistically significant differences between the groups with regard to 
any of the secondary outcome measures of cardiovascular disease. Of note, the 
addition of fenofibrate to statin therapy did not result in an increase in either muscle 
or liver side effects. While this was a negative study, it must be recognized that most 
of the patients included in this study did not have a lipid profile that would usually 
lead to treatment with fibrates, as most subjects did not have elevated triglycerides. 
On further analysis, there was a possible benefit of fenofibrate therapy in the sub-
group of patients in whom the baseline triglyceride levels were increased (>204 mg/
dL) and HDL-C levels decreased (<34 mg/dL). This same group of patients also 
derived the greatest benefit of fibrate therapy in the fibrate monotherapy trials. Thus, 
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future fibrate–statin combination therapy trials should focus on patients with high 
triglycerides and low HDL-C levels.

The PROMINENT trial is exploring the effect of pemafibrate, a new selective 
PPAR-alpha modulator, in reducing cardiovascular outcomes in a large number 
(approx. 10,000) patients with diabetes with atherogenic dyslipidemia on a statin 
[111]. This trial was recently stopped due to futility but the details of the results 
have not yet been published. The negative results of this trial have reduced the 
appeal of using statin + fibrate combination therapy.

 Statin + Niacin

The AIM-HIGH trial was designed to determine if the addition of Niaspan to aggres-
sive statin therapy would result in a further reduction in cardiovascular events in 
patients with pre-existing cardiovascular disease [112]. In this trial 3314 patients 
were randomized to Niaspan vs. placebo. Approximately 33% of the patients had 
diabetes. On trial, LDL-C levels were in the 60–70 mg/dL range in both groups. As 
expected, HDL-C levels were increased modestly in the Niaspan-treated group 
(approximately 44  mg/dL vs. 38  mg/dL), while triglycerides were decreased 
(approximately 121 mg/dL vs. 155 mg/dL). However, there were no differences in 
the primary end point between the control and Niaspan-treated groups (first event of 
death from coronary heart disease, non-fatal myocardial infarction, ischemic stroke, 
hospitalization for an acute coronary syndrome, or symptom-driven coronary or 
cerebral revascularization). There were also no differences in secondary end points 
except for a possible increase in strokes in the Niaspan-treated group. The addition 
of Niaspan to statin therapy did not result in a significant increase in either muscle 
or liver toxicity. Thus, this study does not provide support for the addition of niacin 
to statins. However, it should be recognized that this was a relatively small study 
and a considerable number of patients stopped taking the Niaspan during the course 
of the study (25.4% of patients discontinued Niaspan therapy). In addition, most of 
the patients included in this study did not have a lipid profile that one would typi-
cally consider treating with niacin therapy. In the subset of patients with 
TG > 198 mg/dL and HDL-C < 33 mg/dL, niacin showed a trend toward benefit 
(hazard ratio 0.74; p = 0.073), suggesting that if the appropriate patient population 
was studied the results may have been positive [113].

HPS 2 Thrive also studied the effect of niacin added to statin therapy [114]. This 
trial utilized extended release niacin combined with laropiprant, a prostaglandin D2 
receptor antagonist that reduces the flushing side effect of niacin treatment. HPS 2 
Thrive was a very large trial with over 25,000 patients randomized to either niacin 
therapy or placebo. Approximately 32% of the patients in this trial had diabetes. The 
LDL-C level was 63 mg/dL, the HDL-C 44 mg/dL, and the triglycerides 125 mg/dL 
at baseline. As expected, niacin therapy resulted in a modest reduction in LDL-C 
(10 mg/dL), a modest increase in HDL-C (6 mg/dL), and a marked reduction in 
triglycerides (33 mg/dL). However, despite these lipid changes there were no sig-
nificant differences in major cardiovascular events between the niacin and control 
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group (risk ratio 0.96). It is unknown whether laropiprant, the prostaglandin D2 
receptor antagonist, might have effects that worsen atherosclerosis and increase 
event rates. Similar to the ACCORD-LIPID and AIM-HIGH studies, the group of 
patients included in the HPS 2 Thrive trial were not the ideal patient population to 
test for the beneficial effects of niacin treatment added to statin therapy. Ideally, 
patients with high triglycerides and high non-HDL-C levels coupled with low 
HDL-C levels should be studied.

 Statin + Ezetimibe

The IMPROVE-IT trial evaluated whether the addition of ezetimibe to statin ther-
apy would provide an additional beneficial effect in patients with the acute coronary 
syndrome [115]. This was a large trial with over 18,000 patients randomized to 
statin therapy vs. statin therapy + ezetimibe. Approximately 27% of the patients in 
this trial had diabetes. On-treatment LDL-C levels were 70 mg/dL in the statin- 
alone group vs. 53 mg/dL in the statin + ezetimibe group. There was a small but 
significant 6.4% decrease in major cardiovascular events (cardiovascular death, MI, 
documented unstable angina requiring re-hospitalization, coronary revasculariza-
tion, or stroke) in the statin + ezetimibe group (HR 0.936; p = 0.016). Cardiovascular 
death, non-fatal MI, or non-fatal stroke were reduced by 10% (HR 0.90; p = 0.003). 
These beneficial effects were particularly pronounced in the patients with diabetes 
(Primary end point hazard ratio, 0.85; 95% confidence interval, 0.78–0.94) 
[116, 117].

 Statin + PCSK9 Inhibitors

The FOURIER trial was a randomized, double-blind, placebo-controlled trial of 
evolocumab vs. placebo in 27,564 patients with ASCVD and an LDL-C level greater 
than 70 mg/dL who were on statin therapy [118]. Approximately 40% of the patients 
had diabetes [119]. The primary end point was cardiovascular death, myocardial 
infarction, stroke, hospitalization for unstable angina, or coronary revascularization 
and the key secondary end point was cardiovascular death, myocardial infarction, or 
stroke. The median duration of follow-up was 2.2 years. Baseline LDL-C levels 
were 92  mg/dL and evolocumab resulted in a 59% decrease in LDL-C levels 
(LDL-C level on treatment approximately 30 mg/dL). Evolocumab treatment sig-
nificantly reduced the risk of the primary end point (hazard ratio 0.85; p < 0.001) 
and the key secondary end point (hazard ratio 0.80; p < 0.001). The results were 
consistent across key subgroups, including the subgroup of patients in the lowest 
quartile for baseline LDL-C levels (median, 74 mg/dL). Of note, a similar decrease 
in cardiovascular events occurred in patients with diabetes treated with evolocumab 
and glycemic control was not altered [106]. Further analysis has shown that in the 
small number of patients with a baseline LDL-C level less than 70 mg/dL, evo-
locumab reduced cardiovascular events to a similar degree as in the patients with an 
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LDL-C greater than 70 mg/dL [120]. Finally, the lower the on-treatment LDL-C 
levels (down to levels below 20 mg/dL), the lower the cardiovascular event rate, 
suggesting that greater reductions in LDL-C levels will result in greater decreases in 
cardiovascular disease [121].

The ODYSSEY trial was a multicenter, randomized, double-blind, placebo- 
controlled trial involving 18,924 patients who had an acute coronary syndrome 
1–12 months earlier, an LDL-C level of at least 70 mg/dL, a non-HDL-C level of 
at least 100 mg/dL, or an apolipoprotein B level of at least 80 mg/dL while on 
high- intensity statin therapy or the maximum tolerated statin dose [122]. 
Approximately 29% of the patients had diabetes. Patients were randomly assigned 
to receive alirocumab 75 mg every 2 weeks or matching placebo. The dose of ali-
rocumab was adjusted to target an LDL-C level of 25–50 mg/dL. The primary end 
point was a composite of death from coronary heart disease, non-fatal myocardial 
infarction, fatal or non-fatal ischemic stroke, or unstable angina requiring hospital-
ization. During the trial, LDL-C levels in the placebo group was 93–103 mg/dL, 
while in the alirocumab group LDL-C levels were 40 mg/dL at 4 months, 48 mg/
dL at 12 months, and 66 mg/dL at 48 months (the increase with time was due to 
discontinuation of alirocumab or a decrease in dose). The primary end point was 
reduced by 15% in the alirocumab group (HR 0.85; p < 0.001). In addition, total 
mortality was reduced by 15% in the alirocumab group (HR 0.85; 95% CI 
0.73–0.98). The absolute benefit of alirocumab was greatest in patients with a 
baseline LDL-C level >100 mg/dL. In patients with an LDL-C level >100 mg/dL 
the number needed to treat with alirocumab to prevent an event was only 16. 
Similar relative risk reductions were observed in patients with diabetes. It should 
be noted that similar to the other PCSK9 outcome trials the duration of this trial 
was very short (median follow-up 2.8 years) which may have minimized the ben-
eficial effects. Additionally, because alirocumab 75 mg every 2 weeks was stopped 
if the LDL-C level was <15 mg/dL on two consecutive measurements the benefi-
cial effects may have been blunted (7.7% of patients randomized to alirocumab 
were switched to placebo).

The duration of the PCSK9 outcome trials were relatively short and it is well 
recognized from previous statin trials that the beneficial effects of lowering LDL-C 
levels takes time with only modest effects observed during the first year of treat-
ment. In the FOURIER trial the reduction of cardiovascular death, myocardial 
infarction, or stroke was 16% during the first year but was 25% beyond 12 months. 
In the ODYSSEY trial the occurrence of cardiovascular events was similar in the 
alirocumab and placebo group during the first year of the study with benefits of 
alirocumab appearing after year 1. Thus, the long-term benefits of treatment with a 
PCSK9 inhibitor may be greater than that observed during these relatively short- 
term studies.

The results of the ezetimibe and PCSK9 trials have several important implica-
tions. First, it demonstrates that combination therapy has benefits above and beyond 
statin therapy alone. Second, it provides further support for the hypothesis that low-
ering LDL per se will reduce cardiovascular events (i.e., the beneficial effects of 
statins on cardiovascular disease are predominantly due to lowering LDL-C). Third, 
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it suggests that lowering LDL levels to much lower levels will have significant 
added benefits. These results have implications for determining the goals of therapy 
and have influenced the recent treatment guidelines.

 Statins + Low-Dose Omega-3-Fatty Acids

ORIGIN was a double-blind study in 12,536 patients at high risk for cardiovascular 
disease who had impaired fasting glucose, impaired glucose tolerance, or diabetes 
[123]. Patients were randomized to receive a 1-g capsule containing at least 900 mg 
of ethyl esters of omega-3 fatty acids (EPA 465 mg and DHA 375 mg) or olive oil 
placebo for approximately 6 years. Greater than 50% of the patients were on statin 
therapy. The primary outcome was death from cardiovascular causes. Triglyceride 
levels were decreased by 14.5 mg/dL in the group receiving omega-3-fatty acids 
compared to the placebo group (p < 0.001), without a significant effect on other 
lipids. The primary outcome was not significantly decreased among patients receiv-
ing omega-3- fatty acids as compared with those receiving placebo. The use of 
omega-3-fatty acids also had no significant effect on the rates of major vascular 
events, death from any cause, or death from arrhythmia.

A Study of Cardiovascular Events in Diabetes (ASCEND) was a randomized, 
placebo-controlled, double-blind trial of 1-g omega-3-fattys acids (400 mg EPA and 
300 mg DHA ethyl esters) vs. olive oil placebo in 15,480 patients with diabetes 
without a history of cardiovascular disease (primary prevention trial) [124]. 
Approximately 75% of patients were on statin therapy. The primary end point was 
non-fatal myocardial infarction, non-fatal stroke, transient ischemic attack, or vas-
cular death. Total cholesterol, HDL-C, and non-HDL-C levels were not significantly 
altered by omega-3-fatty acid treatment (changes in triglyceride levels were not 
reported). After a mean follow-up of 7.4 years the composite outcome of a serious 
vascular event or revascularization occurred in 11.4% on omega-3-fatty acids and 
11.5% on placebo. Serious adverse events were similar in placebo and omega-3- 
fatty acid-treated groups.

Taken together these studies indicate that low-dose omega-3-fatty acids do not 
reduce cardiovascular events in patients with diabetes. Studies in non-diabetics have 
also found little effect of consuming low-dose fish oil on ASCVD [125].

 Statins + High-Dose Omega-3-Fatty Acids

The Japan EPA Lipid Intervention Study (JELIS) was an open-label, non-placebo- 
controlled study in patients with baseline total cholesterol levels >251 mg/dL with 
cardiovascular disease (n = 3664) or without cardiovascular disease (n = 14,981). All 
were placed on statin therapy and randomly assigned to be treated with 1800 mg of 
EPA (Vascepa) + the statin (n = 9326) or statin alone (n = 9319) with a 5-year follow-
up [126]. Approximately 16% of the patients had diabetes. The mean baseline tri-
glyceride level was 153  mg/dL.  The primary end point was any major coronary 
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event, including sudden cardiac death, fatal and non-fatal myocardial infarction, and 
other non-fatal events, including unstable angina pectoris, angioplasty, stenting, or 
coronary artery bypass grafting. On treatment, total cholesterol, LDL-C, and HDL-C 
levels were similar in the two groups but plasma triglycerides were modestly 
decreased in the EPA-treated group (5% decrease in EPA group; p = 0.0001). In the 
EPA + statin group the primary end point occurred in 2.8% of the patients vs. 3.5% 
of the patients in the statin-alone group (19% decrease; p = 0.011). Unstable angina 
and non-fatal coronary events were also significantly reduced in the EPA group but 
in this study sudden cardiac death and coronary death did not differ between groups. 
Unstable angina was the main component contributing to the primary end point and 
this is a more subjective end point than other end points, such as a myocardial infarc-
tion, stroke, or cardiovascular death. A subjective end point has the potential to be an 
unreliable end point in an open-label study which therefore is a limitation of the 
JELIS Study. The reduction in events was similar in the subgroup of patients with 
diabetes. In patients with triglyceride levels >150 mg/dL and HDL-C levels <40 mg/
dL there was a 53% decrease in events [127]. In the EPA group, small increases in 
the occurrence of bleeding (1.1% vs. 0.6%, p = 0.0006), gastrointestinal disturbance 
(3.8%% vs. 1.7%, p < 0.0001), and skin abnormalities (1.7% vs. 0.7%, p < 0.0001) 
were seen. Pain was slightly decreased with EPA (1.6% vs. 2.0%, p = 0.04).

The Reduction of Cardiovascular Events with EPA–Intervention Trial 
(REDUCE-IT) was a randomized, double-blind trial of 2 g twice per day of EPA 
ethyl ester (icosapent ethyl) (Vascepa) vs. placebo (mineral oil) in 8179 patients 
with hypertriglyceridemia (135–499 mg/dL) and established cardiovascular disease 
or high cardiovascular disease risk (diabetes plus one risk factor) who were on sta-
ble statin therapy [128]. Approximately 60% of the patients in this trial had diabe-
tes. The primary end point was a composite of cardiovascular death, non-fatal 
myocardial infarction, non-fatal stroke, coronary revascularization, or unstable 
angina. The key secondary end point was a composite of cardiovascular death, non- 
fatal myocardial infarction, or non-fatal stroke. At baseline, the median LDL-C 
level was 75.0 mg/dL, HDL-C level was 40.0 mg/dL, and triglyceride level was 
216.0 mg/dL. The median change in triglyceride level from baseline to 1 year was a 
decrease of 18.3% (−39.0  mg/dL) in the EPA group and an increase of 2.2% 
(4.5 mg/dL) in the placebo group. After a median of 4.9 years the primary end-point 
occurred in 17.2% of the patients in the EPA group vs. 22.0% of the patients in the 
placebo group (hazard ratio, 0.75; p < 0.001), indicating a 25% decrease in events. 
The beneficial effects were similar in patients with and without diabetes. The num-
ber needed to treat to avoid one primary end-point event was 21. The reduction in 
cardiovascular events was noted after approximately 2  years of EPA treatment. 
Additionally, cardiovascular deaths were decreased by 20% in the EPA group (4.3% 
vs. 5.2%; hazard ratio, 0.80; 95% CI, 0.66–0.98; p = 0.03). The cardiovascular ben-
efits of EPA were similar across baseline levels of triglycerides (<150, ≥150 to 
<200, and ≥200 mg/dL). Moreover, the cardiovascular benefits of EPA appeared to 
occur irrespective of the attained triglyceride level at 1 year (≥150 or <150 mg/dL), 
suggesting that the cardiovascular risk reduction was not associated with attainment 
of a normal triglyceride level. An increase in hospitalization for atrial fibrillation or 
flutter (3.1% vs. 2.1%, p = 0.004) occurred in the EPA group. In addition, serious 
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bleeding events occurred in 2.7% of the patients in the EPA group and in 2.1% in 
the placebo group (p = 0.06). There were no fatal bleeding events in either group 
and the rates of hemorrhagic stroke, serious central nervous system bleeding, and 
serious gastrointestinal bleeding were not significantly higher in the EPA group than 
in the placebo group.

These results demonstrate that EPA treatment reduces cardiovascular disease 
events. Of note the reduction in TG levels is relatively modest and would not be 
expected to result in the magnitude of the decrease in cardiovascular disease 
observed in the JELIS and REDUCE-IT trials. Other actions of EPA, such as 
decreasing platelet function, anti-inflammation, decreasing lipid oxidation, and sta-
bilizing membranes, could account for or contribute to the reduction in cardiovas-
cular events [129]. It is likely that the beneficial effects of EPA seen in the JELIS 
and REDUCE-IT trials are multifactorial.

The Statin Residual Risk Reduction with Epanova in High Risk Patients with 
Hypertriglyceridemia (STRENGTH) trial is a randomized, placebo-controlled, 
double-blind trial of 4 g/day of omega-3-fatty acids (Epanova, a mixture of 75% 
EPA and 25% DHA fatty acids) vs. placebo in over 13,000 patients on statins with 
hypertriglyceridemia (180–500 mg/dL), optimal LDL-C levels (<100 mg/dL or on 
maximal statin therapy), low HDL-C (<42 mg/dL in men and <47 mg/dL in women), 
and either cardiovascular disease or high risk for cardiovascular disease [130]. The 
primary outcome of the STRENGTH Trial is major atherosclerotic cardiovascular 
events (cardiovascular death, myocardial infarction, stroke, coronary revasculariza-
tion, or hospitalization for unstable angina). The primary end point occurred in 785 
patients (12.0%) treated with omega-3 CA vs. 795 (12.2%) treated with corn oil 
(hazard ratio, 0.99 [95% CI, 0.90–1.09]; p = 0.84) [131]. Thus, in contrast to EPA 
alone this omega-3-fatty acid formulation failed to show benefits.

 Current Guidelines for Serum Lipids

There are several different guidelines for treating lipids in patients with diabetes. 
While there are many similarities between the guidelines there are also key differ-
ences. Of particular note some guidelines provide specific LDL-C goals, while 
other guidelines do not.

 American Diabetes Association

The 2020 American Diabetes Association (ADA) recommends that adult patients 
with diabetes have their lipid profile determined at the time of diabetes diagnosis 
and at least every 5 years thereafter or more frequently if indicated [132]. This pro-
file includes total cholesterol, HDL-C, triglycerides, and calculated LDL-C. A lipid 
panel should be obtained immediately prior to initiating statin therapy. Once a 
patient is on statin therapy, testing should be carried out 4–12 weeks after initiating 
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therapy and annually thereafter to monitor efficacy and adherence. Lifestyle modi-
fication, including a reduction in saturated fat, trans fat, and cholesterol intake, 
weight loss if indicated, an increase in omega-3-fatty acids, viscous fiber, and plant 
stanols/sterol intake, and increased physical activity, is indicated in all patients with 
diabetes. A focus on a Mediterranean style diet or Dietary Approaches to Stop 
Hypertension (DASH) diet should be encouraged. In patients with elevated triglyc-
eride levels glycemic control is beneficial and dietary changes and lifestyle changes, 
including weight loss and abstinence from alcohol should be undertaken. Secondary 
disorders and medications that raise triglyceride levels should be looked for. The 
recommendations for lipid-lowering therapy are shown in Table 14.4. If one follows 
these recommendations almost all patients with diabetes over the age of 40 will be 
on statin therapy and many under the age of 40 will also be treated with statins. The 
addition of ezetimibe should be considered to further lower LDL-C levels in high- 
risk primary prevention patients. In very high-risk patients with ASCVD, if the 
LDL-C level on statin therapy is greater than 70 mg/dL the use of ezetimibe or a 
PCSK9 inhibitor should be considered. The use of fibrates or niacin with statins was 
generally not recommended. However, in patients with ASCVD or other cardiovas-
cular risk factors on a statin with controlled LDL-C but elevated triglyceride levels 
(135–499 mg/dL) the addition of icosapent ethyl (EPA; Vascepa) can be considered. 
Finally, in patients with fasting triglyceride levels greater than 500 mg/dL an evalu-
ation for secondary causes of hypertriglyceridemia should be undertaken and drug 
therapy to reduce the risk of pancreatitis should be considered.

Table 14.4 ADA recommendations for lipid-lowering therapy

Primary prevention
Age 20–39: With additional risk factors may be reasonable to initiate statin therapy
Age 40–75: Moderate-intensity statin therapya

Age >75: Moderate-intensity statin therapy is reasonable after discussion
Patients at high risk: Multiple risk factorsb or age 50–70 it is reasonable to use high-intensity 
statin therapyc

Patients with 10-year risk >20%: reasonable to add ezetimibe to maximally tolerated statin to 
reduce LDL by >50%
Secondary prevention
All ages <75: High-intensity statin therapy/maximally tolerated stain
Age >75: Reasonable to continue statin therapy or initiate statin therapy after discussion.
Very High Risk: If LDL >70 mg/dL on maximally tolerated statin consider adding ezetimibe or 
PCSK9 inhibitor

Table from reference [41] with permission
aModerate-intensity statin–atorvastatin 10–20 mg, rosuvastatin 5–10 mg, simvastatin 20–40 mg, 
pravastatin 40–80 mg, lovastatin 40 mg, Fluvastatin XL 80 mg, pitavastatin 3–4 mg
bRisk factors include LDL-C >100 mg/dL, high blood pressure, smoking, chronic kidney disease, 
albuminuria, and family history of premature ASCVD
cHigh-Intensity statin–atorvastatin 40–80 mg, rosuvastatin 20–40 mg
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 American College of Cardiology and American 
Heart Association

The 2018 American College of Cardiology and American Heart Association (ACC/
AHA) guidelines are similar to the ADA guidelines described above and recom-
mend the following [133]. “In patients 40–75 years of age with diabetes mellitus 
and LDL-C ≥70  mg/dL (≥1.8  mmol/L), start moderate-intensity statin therapy 
without calculating 10-year ASCVD risk. In patients with diabetes mellitus at 
higher risk, especially those with multiple risk factors or those 50–75 years of age, 
it is reasonable to use a high-intensity statin to reduce the LDL-C level by ≥50%.” 
Furthermore, with diabetes they recommend that “In patients with clinical ASCVD, 
reduce low-density lipoprotein cholesterol (LDL-C) with high-intensity statin ther-
apy or maximally tolerated statin therapy. The more LDL-C is reduced on statin 
therapy, the greater will be subsequent risk reduction. Use a maximally tolerated 
statin to lower LDLC levels by ≥50%. In very high-risk ASCVD, use an LDL-C 
threshold of 70 mg/dL (1.8 mmol/L) to consider addition of non-statins to statin 
therapy. Very high-risk includes a history of multiple major ASCVD events or one 
major ASCVD event and multiple high-risk conditions. In very high-risk ASCVD 
patients, it is reasonable to add ezetimibe to maximally tolerated statin therapy 
when the LDL-C level remains ≥70 mg/dL (≥1.8 mmol/L). In patients at very high 
risk whose LDL-C level remains ≥70 mg/dL (≥1.8 mmol/L) on maximally toler-
ated statin and ezetimibe therapy, adding a PCSK9 inhibitor is reasonable, although 
the long-term safety (>3 years) is uncertain and cost effectiveness is low at mid-2018 
list prices.” With regard to testing, they recommend “Assess adherence and percent-
age response to LDL-C-lowering medications and lifestyle changes with repeat 
lipid measurement 4–12 weeks after statin initiation or dose adjustment, repeated 
every 3–12  months as needed.” Finally, there are several diabetes-specific risk 
enhancers that are independent of other risk factors that should be considered in 
evaluating risk of cardiovascular events and level of treatment (Table 14.5).

Table 14.5 Diabetes-specific risk enhancers that are independent of other risk factors in diabetes

Long duration (≥10 years for type 2 diabetes mellitus or ≥20 years for type 1 diabetes mellitus)
Albuminuria ≥30 μg of albumin/mg creatinine
eGFR <60 mL/min/1.73 m2

Retinopathy
Neuropathy
ABI < 0.9

ABI ankle-brachial index
Table from reference [41] with permission
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Table 14.6 National lipid association recommendations

Diabetes with 0–1 risk factorsa and no end organ 
damageb

LDL-C < 100 mg/dL; Non- 
HDL- C < 130 mg/dL

Diabetes with pre-existing ASCVD, 2 or more risk 
factorsa or end organ damageb

LDL-C < 70 mg/dL; Non- 
HDL- C < 100 mg/dL

Table from reference [41] with permission
aRisk factors—age > 45 for males, >55 for females; family history of early coronary heart disease; 
current cigarette smoking; high blood pressure >140/>90 mmHg; or low HDL < 40 mg/dL males, 
<50 mg/dL females
bEnd Organ Damage—retinopathy, albumin/creatinine ratio >30 mg/g, or chronic kidney disease

 National Lipid Association

The National Lipid Association (NLA) has treatment goals for patients with diabe-
tes [134]. In patients with type 1 or type 2 diabetes with pre-existing ASCVD, two 
or more risk factors for ASCVD, or evidence of end organ damage, the goal LDL is 
<70 mg/dL and the goal non-HDL-C is <100 mg/dL (Table 14.6). In patients with 
diabetes with 0–1 risk factors and no end organ damage, the LDL goal is <100 mg/
dL and the non-HDL-C goal is <130 mg/dL. The NLA guidelines recommend con-
sidering drug therapy if a patient with diabetes is not at goal.

 American Association of Clinical Endocrinologists/American 
College of Endocrinology

The American Association of Clinical Endocrinologists and American College of 
Endocrinology guidelines consider individuals with type 2 diabetes to be at high, 
very high, or extreme risk for ASCVD [135, 136]. Patients with type 1 diabetes and 
a duration of diabetes of more than 15 years or two or more risk factors, poorly 
controlled A1c, or insulin resistance with metabolic syndrome should be considered 
to have an equivalent risk to patients with type 2 diabetes. The recommended treat-
ment goals are shown in Table 14.7.

 European Society of Cardiology and European 
Atherosclerosis Society

Finally, the European Society of Cardiology (ESC) and European Atherosclerosis 
Society (EAS) has guidelines for the treatment of lipids in patients with diabetes 
[137]. These guidelines classify patients with diabetes as very high risk, high risk, or 
moderate risk (Table 14.8). The recommended goals of therapy based on risk clas-
sification are shown in Table 14.9. As with other guidelines, intensification of statin 
therapy should be considered before the introduction of combination therapy. If the 
goal is not reached, statin combination with ezetimibe should be considered next.
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Table 14.7 ASCVD risk categories and treatment goals

Risk 
category Risk factors/10-year risk

LDL-C 
(mg/dL)

Non-HDL-C 
(mg/dL)

Apo B 
(mg/dL)

TG  
(mg/dL)

Extreme 
risk

Diabetes and clinical 
cardiovascular disease

<55 <80 <70 <150

Very high 
risk

Diabetes with one or more 
risk factorsa

<70 <100 <80 <150

High risk Diabetes and no other risk 
factors

<100 <130 <90 <150

Table from reference [41] with permission
aRisk factors are high LDL-C, polycystic ovary syndrome, cigarette smoking, hypertension (blood 
pressure ≥140/90 mmHg or on hypertensive medication), low HDL-C (<40 mg/dL), family history 
of coronary artery disease (in male, first-degree relative younger than 55 years; in female, first- 
degree relative younger than 65 years), chronic renal disease (CKD) stage 3/4, evidence of coro-
nary artery calcification and age (men ≥45; women ≥55 years). Subtract 1 risk factor if the person 
has high HDL-C

Table 14.8 ESC/EAS classification of risk in patients with diabetes

Very high risk—target organ damage, or at least three major risk factors, or early onset of 
T1DM of long duration (>20 years)
High risk—without target organ damage, with DM duration >10 years or another additional risk 
factor
Moderate risk—Young patients (T1DM < 35 years; T2DM < 50 years) with DM duration 
<10 years, without other risk factors. Calculated SCORE >1% and <5% for 10-year risk of fatal 
CVD

Table from reference [41] with permission

Table 14.9 ESC/EAS goals of therapy in patients with diabetes

LDL-C
Non-HDL-C 
(mg/dL)

Apo B  
(mg/dL)

Very high risk >50% reduction and <55 mg/dL (<1.4 mmol/L) <85 <65
High risk >50% reduction and <70 mg/dL (<1.8 mmol/L) <100 <80
Moderate risk <100 mg/dL <130 <100

Table from reference [41] with permission

 Our Recommendations for Guidelines

Thus, different organizations have proposed somewhat different recommendations 
for the treatment of lipids in patients with diabetes. Despite these differences it is 
clear that the vast majority of patients with diabetes will need to be treated with 
statins regardless of which guidelines one elects to follow.

The approach we use is to combine these recommendations (Tables 14.10 and 
14.11). In patients with diabetes who have pre-existing ASCVD we initiate inten-
sive statin therapy. Given the extensive data showing that the lower the LDL-C the 
greater the reduction in cardiovascular events most secondary prevention patients 
would benefit from the addition of ezetimibe to maximize LDL-C lowering with-
out markedly increasing costs [123]. We prefer LDL or non-HDL-C goals over 
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Table 14.10 ASCVD risk categories and treatment goals

Risk category Risk factors/10-year risk
LDL-C  
(mg/dL)

Non-HDL-C 
(mg/dL)

Very high risk Diabetes and clinical cardiovascular disease or 
multiple risk factors

<55 <80

High risk Diabetes with one or more risk factors <70 <100
Moderate risk Diabetes and no other risk factors <100 <130

Table from reference [41] with permission

Table 14.11 Drug therapy according to risk category that is typically required

Very high risk Intensive statin therapy + ezetimibe. Add PCSK9 if not close to goal
High risk Intensive statin therapy. Add ezetimibe if not at goal
Moderate risk Moderate statin therapy. Increase to intensive statin therapy if not at goal

Table from reference [41] with permission

percent reduction. In patients with diabetes 40–75 years of age without pre-exist-
ing cardiovascular disease we calculate the 10-year risk of developing cardiovas-
cular disease (http://www.cvriskcalculator.com/) and identify risk factors and 
risk-enhancing factors (Table  14.5). We initiate intensive statin therapy if the 
10-year risk is >7.5% or if there are multiple risk factors or risk enhancers. We 
initiate moderate statin therapy if the risk is <7.5% without multiple risk factors or 
risk enhancers. Four to 12 weeks after initiating statin therapy we obtain a lipid 
panel to determine if the LDL and non-HDL-C levels are at goal. In patients with 
pre-existing cardiovascular disease or multiple risk factors/enhancers (i.e., very 
high-risk patients) our goal is an LDL-C <55 mg/dL and a non-HDL-C <80 mg/
dL. In patients who are at high risk our goal is an LDL-C <70 mg/dL and a non-
HDL-C <100 mg/dL. In patients with moderate risk an LDL-C goal of <100 mg/
dL and a non-HDL c <130 mg/dL is appropriate. With therapy, if the levels are not 
at goal, we first adjust the statin dose until the patient is taking the maximally toler-
ated statin dose and then consider adding additional medications. In patients with 
diabetes who are less than 40 years of age we initiate statin therapy if the patient 
has overt cardiovascular disease, long- standing diabetes, or risk factors/enhancers 
for cardiovascular disease and the LDL and non-HDL-C levels are not at goal. In 
patients over 75 years of age with a reasonable life expectancy we begin moderate 
statin therapy and adjust based on response. When there is difficulty classifying a 
patient’s risk, we will obtain a coronary calcium score (CAC) and use the score to 
help stratify the patient’s risk. In all cases the benefits and risks of lipid-lowering 
therapy needs to be discussed with patients and the patient’s personnel preferences 
taken into account.
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 Treatment of Lipid Abnormalities in Patient with Diabetes

 Life Style Changes

Initial treatment of lipid disorders should focus on lifestyle changes [138]. There is 
little debate that exercise, both aerobic and resistance, is beneficial and that all 
patients with diabetes should, if possible, exercise for at least 150 min/week (for 
example, 30 min 5 times per week). Exercise increases fitness and improves insulin 
resistance even with limited weight loss; reductions in obesity are even more benefi-
cial. Exercise will decrease serum triglyceride levels and increase HDL-C levels (an 
increase in HDL-C requires vigorous exercise) [34, 138]. It should be noted that 
many patients with diabetes may have substantial barriers to participating in exer-
cise programs, such as comorbidities that limit exercise tolerance, risk of hypogly-
cemia, and presence of microvascular complications (visual impairment, neuropathy) 
that make exercise difficult.

The ideal diet is controversial and for detailed information on nutrition ther-
apy for adults with diabetes see the consensus report by the American Diabetes 
Association [139]. Everyone agrees that weight loss in obese patients is essen-
tial [34, 138]. But how this can be achieved is hotly debated with many differ-
ent “experts” advocating different approaches. The wide diversity of approach 
is likely due to the failure of any approach (even those that work in the short 
term) to be effective in the long term for the majority of obese patients with 
diabetes. Ultimately no weight loss diet will be successful if the patient cannot 
follow the diet for the long term, and therefore, the diet needs to be tailored to 
the specific preferences of the patient. If successful, weight loss will decrease 
serum triglyceride levels, increase HDL-C levels, and modestly reduce LDL-C 
[34, 138].

To reduce LDL-C levels, it is important that the diet decrease saturated fat, trans 
fatty acids, and cholesterol and increase soluble fiber [138]. To reduce triglyceride 
levels, it is important to decrease intake of simple sugars, particularly fructose, and 
ethanol [138]. High carbohydrate diets may increase serum triglyceride levels in 
some patients and if the amount of fat in the diet is markedly reduced serum HDL-C 
levels may decrease. Very high levels of triglycerides require diets that are very 
low in fat.

Bariatric surgery can have profound effects on weight and can result in marked 
improvements in lipid profiles with a decrease in triglycerides and LDL-C and an 
increase in HDL-C [34, 138]. Additionally, observational studies have shown a 
decrease in cardiovascular events following bariatric surgery in patients with and 
without diabetes [140–144].

14 Diabetes and Dyslipidemia



456

Table 14.12 Effect of lipid-lowering drugs

LDL-C HDL-C Triglycerides

Statins ↓ 20–60% ↑ 5–15% ↓ 0–35%a

Bile acid sequestrants ↓ 10–30% ↑ 0–10% ↑ 0–10%b

Fibrates ↓ 0–15%c ↑ 5–15% ↓ 20–50%
Niacin ↓ 10–25% ↑ 10–30% ↓ 20–50%
Ezetimibe ↓ 15–25% ↑ 1–3% ↓ 10–20%
PCSK9 Inhibitors ↓ 50–60% ↑ 5–15% ↓ 5–20%
Bempedoic Acid ↓ 15–25% ↓ 5–6% No change
High-Dose Fish Oil ↑ 0–50%c ↑ 4–9% ↓ 20–50%a

Table from reference [41] with permission
aPatients with elevated TG have largest decrease
bIn patients with high TG may cause marked increase
cIn patients with high TG may increase LDL

 Drug Therapy

The effect of statins, fibrates, niacin, ezetimibe, omega-3-fatty acids, bile acid 
sequestrants, bempedoic acid, and PCSK9 inhibitors on lipid levels in patients with 
diabetes is virtually identical to that seen in the non-diabetic patients (Table 14.12). 
Below we will highlight issues particularly relevant to the use of these drugs in 
patients with diabetes. For detailed information on lipid-lowering drugs see the fol-
lowing reviews on Triglyceride-Lowering Drugs and Cholesterol-Lowering Drugs 
[45, 125]. Most interventions reach maximal effect within 4–6 weeks allowing one 
to quickly adjust therapy to achieve goals.

 Statins

Statins are easy to use and generally well tolerated by patients with diabetes. 
However, statins can adversely affect glucose homeostasis. In patients without dia-
betes the risk of developing diabetes is increased by approximately 10%, with 
higher doses of statin causing a greater risk than more moderate doses [145, 146]. 
The mechanism for this adverse effect is unknown but older, obese patients with 
higher baseline glucose levels are at greatest risk. In patients with diabetes, an anal-
ysis of nine studies with over 9000 patients with diabetes reported that the patients 
randomized to statin therapy had a 0.12% higher A1c than the placebo group, indi-
cating that statin therapy is associated with only a very small increase in A1c levels 
in patients with diabetes, which is unlikely to be clinically significant [147]. 
Individual studies, such as CARDS and the Heart Protection Study, have also shown 
only a very modest effect of statins on A1c levels in patients with diabetes [87, 90, 
148]. Muscle symptoms occur in patients with diabetes similar to what is observed 
in patients without diabetes.
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 Ezetimibe

Ezetimibe is easy to use and generally well tolerated by patients with diabetes.

 Fibrates

Fibrates are easy to use and generally well tolerated by patients with diabetes. When 
combining fibrates with statin therapy it is essential to use fenofibrate as the risk of 
inducing myositis is much less than when statins are used in combination with gem-
fibrozil, which can inhibit statin metabolism [149]. In the ACCORD-LIPID Trial 
the incidence of muscle disorders was not increased in the statin + fenofibrate group 
compared to the statin-alone group [110]. The dose of fenofibrate needs to be 
adjusted in patients with renal disease and fenofibrate itself can induce a reversible 
increase in serum creatinine levels. It should be noted that marked reductions in 
HDL-C levels can occur in some patients treated with both fenofibrate and a thia-
zolidinedione [150]. The mechanism for this marked decrease in HDL-C is 
unknown.

Diabetic Retinopathy: Fenofibrate has been shown to have beneficial effects on 
diabetic eye disease. The FIELD study, described earlier, was a randomized trial of 
fenofibrate vs. placebo in patients with type 2 diabetes. Laser treatment for reti-
nopathy was significantly reduced in the fenofibrate group compared to the placebo 
group (3.4% patients on fenofibrate vs. 4.9% on placebo; p  =  0.0002) [151]. 
Fenofibrate therapy reduced the need for laser therapy to a similar extent for macu-
lopathy (31% decrease) and for proliferative retinopathy (30% decrease). In the 
ophthalmology sub-study (n  =  1012), the difference in the primary end point of 
two-step progression of retinopathy grade did not reach significance between the 
fenofibrate and control groups (9.6% patients on fenofibrate vs. 12.3% on placebo; 
p = 0.19). In patients without pre-existing retinopathy there was no difference in 
progression (11.4% vs. 11.7%; p = 0.87). However, in patients with pre-existing 
retinopathy, significantly fewer patients on fenofibrate had a two-step progression 
than did those on placebo (3.1% patients vs. 14.6%; p = 0.004). A composite end 
point of two-step progression of retinopathy grade, macular edema, or laser treat-
ments was also significantly reduced in the fenofibrate group (HR 0.66; p = 0.022).

In the ACCORD Study a subgroup of participants were evaluated for the pro-
gression of diabetic retinopathy by three or more steps on the Early Treatment 
Diabetic Retinopathy Study Severity Scale or the development of diabetic retinopa-
thy necessitating laser photocoagulation or vitrectomy over a 4-year period [152]. 
At 4 years, the rates of progression of diabetic retinopathy were 6.5% with fenofi-
brate therapy (n = 806) vs. 10.2% with placebo (n = 787) (adjusted odds ratio, 0.60; 
p = 0.006). Of note, this reduction in the progression of diabetic retinopathy was of 
a similar magnitude as intensive glycemic treatment vs. standard therapy.

Taken together these results indicate that fibrates have beneficial effects on the 
progression of diabetic retinopathy. The mechanisms by which fibrates decrease 
diabetic retinopathy are unknown.
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Diabetic Nephropathy: The Diabetes Atherosclerosis Intervention Study (DAIS) 
evaluated the effect of fenofibrate therapy (n  =  155) vs. placebo (n  =  159) on 
changes in urinary albumin excretion in patients with type 2 diabetes [153]. 
Fenofibrate significantly reduced the worsening of albumin excretion (fenofibrate 
8% vs. placebo 18%; p < 0.05). This effect was primarily due to reduced progres-
sion from normal albumin excretion to microalbuminuria (fenofibrate 3% vs. 18% 
placebo; p < 0.001).

In the FIELD trial, fenofibrate reduced urine albumin/creatinine ratio by 24% vs. 
11% in placebo group (p < 0.001), with 14% less progression and 18% more albu-
minuria regression (p < 0.001) in the fenofibrate group than in participants on pla-
cebo [154]. As expected, fenofibrate therapy acutely increased plasma creatinine 
levels and decreased eGFR but over the long term, the increase in plasma creatinine 
was decreased in the fenofibrate group compared to the placebo group (14% 
decrease; p = 0.01). Similarly, there was a slower annual decrease in eGFR in the 
fenofibrate group (1.19  mL/min/1.73  m2 vs. 2.03  mL/min/1.73  m2 annually, 
p < 0.001). The effect of fenofibrate on kidney function was greater in those with 
higher triglycerides and lower HDL-C.  End-stage renal disease, dialysis, renal 
transplant, and renal death were similar in the fenofibrate and placebo groups, but 
the incidence was low.

In the ACCORD-LIPID trial the post-randomization incidence of microalbu-
minuria was 38.2% in the fenofibrate group and 41.6% in the placebo group 
(p = 0.01) and post-randomization incidence of macroalbuminuria was 10.5% 
in the fibrate group and 12.3% in the placebo group (p  =  0.04), indicating a 
modest reduction in the development of proteinuria in patients treated with 
fenofibrate [110]. There was no significant difference in the incidence of end-
stage renal disease or need for dialysis between the fenofibrate group and the 
placebo group.

These studies suggest that fibrates may have a beneficial effect on diabetic kid-
ney disease. One should recognize that reducing proteinuria is a surrogate marker 
and may not indicate a reduction in the development of end-stage renal disease. The 
mechanisms accounting for decreased in proteinuria are unknown.

Amputations: In the FIELD study the risks of first amputation were decreased by 
36% (p = 0.02) and minor amputation events without known large-vessel disease by 
47% (p = 0.027) in the fenofibrate-treated group [155]. The reduction in amputa-
tions was independent of glucose control or dyslipidemia. No difference between 
the risks of major amputations was seen in the placebo and fenofibrate groups. The 
basis for this reduction in amputations is unknown.

Do fibrates have an independent effect on microvascular disease? Multiple stud-
ies cited above have now shown that fenofibrate decreases retinopathy, nephropathy, 
and amputation. The effects are independent of blood glucose control. Given that 
there also was no effect of fenofibrate on cardiovascular (macrovascular) disease, 
these results may suggest that fenofibrate has an independent effect on microvascu-
lar disease. Further studies are warranted, but these results should be taken into 
account when considering treatment of hypertriglyceridemia in patients with diabe-
tes who are on statins.
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 Bile Acid Sequestrants

Bile acid sequestrants are relatively difficult to take due to GI toxicity (mainly consti-
pation) [50]. Diabetic subjects have an increased prevalence of constipation, which 
may be exacerbated by the use of bile acid sequestrants. On the other hand, in diabetic 
patients with diarrhea, the use of bile acid sequestrants may be advantageous. Bile acid 
sequestrants may also increase serum triglyceride levels, which can be a problem in 
patients with diabetes who are already hypertriglyceridemic [45]. An additional diffi-
culty in using bile acid sequestrants is their potential for binding other drugs [45]. 
Many drugs should be taken either 2 h before or 4 h after taking bile acid sequestrants 
to avoid the potential of decreased drug absorption. Patients with diabetes are fre-
quently on multiple drugs for glycemic control, hypertension, etc., and it can some-
times be difficult to time the ingestion of bile resin sequestrants to avoid these other 
drugs. Colesevelam (Welchol) is a bile acid sequestrant that comes in pill, powder, or 
chewable bars and causes fewer side effects and has fewer interactions with other drugs 
than other preparations [156]. The usual dose is 3.75  g/day and can be given as tablets 
(take 6 tablets once daily or 3 tablets twice daily), oral suspension (take one packet 
once daily), or chewable bars (take 1 bar once daily). Of particular note is that a num-
ber of studies have shown that colesevelam improves glycemic control in patients with 
diabetes, resulting in an approximately 0.5% decrease in A1c levels, and colesevelam 
has therefore been approved by the FDA for the lowering of glucose levels [46, 157].

 Niacin

Niacin is well known to cause skin flushing and itching and GI upset [158]. 
Additionally, niacin reduces insulin sensitivity (i.e., causes insulin resistance), which 
can worsen glycemic control [158]. Studies have shown that niacin is usually well 
tolerated in diabetic subjects who are in good glycemic control [159, 160]. In patients 
with poor glycemic control, niacin is more likely to adversely impact glucose levels. 
In the HPS2-Thrive trial, niacin therapy significantly worsened glycemic control in 
patients with diabetes and induced new onset diabetes in 1.3% of subjects who were 
non-diabetic [114]. High doses of niacin are more likely to adversely affect glycemic 
control. Niacin can also increase serum uric acid levels and induce gout, both of 
which are already common in obese patients with type 2 diabetes [158]. Additionally, 
recent trials have reported an increased incidence of infection and bleeding with 
niacin therapy [158]. However, niacin is the most effective drug in increasing HDL-C 
levels, which are frequently low in patients with diabetes but whether this will reduce 
cardiovascular events has not been demonstrated.

 Omega-3-Fatty Acids

A Cochrane review of fish oil in patients with diabetes have demonstrated that this 
is a safe approach and does not result in worsening of glycemic control in patients 
with diabetes [161]. Fish oil effectively lowers triglyceride levels but, in some 
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patients, particularly those with significant hypertriglyceridemia, high-dose fish oil 
increases LDL-C levels [161]. It should be noted that fish oil products that contain 
just EPA (Vascepa) do not adversely affect LDL-C levels [162]. When using fish oil 
to lower serum triglyceride levels it is important to recognize that one is aiming to 
provide 3–4 g of DHA/EPA per day. The quantity of these active omega-3-fatty 
acids can vary greatly from product to product. Prescription fish oil products con-
tain large amounts of these active ingredients, whereas the amount of DHA/EPA in 
food supplements can vary greatly and, in some supplements, levels are very low. 
Additionally, while prescription omega-3-fatty acid preparations have high levels of 
quality control, omega-3-fish oil food supplements may have contaminants and the 
dosage may not be precisely controlled. As discussed earlier only high-dose EPA 
has been shown to decrease cardiovascular events.

 PCSK9 Inhibitors

Two monoclonal antibodies that inhibit PCSK9 (proprotein convertase subtilisin/
kexin type 9) are approved for the lowering of LDL-C levels: Alirocumab (Praluent) 
and evolocumab (Repatha). Alirocumab is administered as either 75 or 150 mg sub-
cutaneously every 2 weeks or 300 mg subcutaneously every 4 weeks, while evo-
locumab is administered as either 70 mg subcutaneously every 2 weeks or 420 mg 
subcutaneously once a month [45]. A meta-analysis of three trials with 413 patients 
with type 2 diabetes found that evolocumab caused a 60% decrease in LDL-C com-
pared to placebo and a 39% decrease in LDL-C compared to ezetimibe treatment 
[163]. In addition, in patients with type 2 diabetes, evolocumab decreased non- 
HDL- C (55% vs. placebo and 34% vs. ezetimibe) and Lp(a) (31% vs. placebo and 
26% vs. ezetimibe). These beneficial effects were not affected by glycemic control, 
insulin use, renal function, and cardiovascular disease status. Thus, PCSK9 inhibi-
tors are effective therapy in patients with type 2 diabetes and the beneficial effects 
on pro-atherogenic lipoproteins are similar to what is observed in non-diabetic 
patients. Additionally, except for local reactions at the injection sites PCSK9 inhibi-
tors do not seem to cause major side effects.

 Bempedoic Acid

The effects of bempedoic acid on LDL-C levels in patients with diabetes are similar 
to the decreases seen in non-diabetics. Patients with type 2 diabetes often have ele-
vated uric acid levels and increases in uric acid and an increased risk of gouty 
attacks are major side effects of bempedoic acid [45]. In clinical trials, 26% of 
bempedoic acid-treated patients with normal baseline uric acid values experienced 
hyperuricemia one or more times versus 9.5% in the placebo group. Elevations in 
blood uric acid levels may lead to the development of gout and gout was reported in 
1.5% of patients treated with bempedoic acid vs. 0.4% of patients treated with pla-
cebo. The risk for gout attacks were higher in patients with a prior history of gout 

K. R. Feingold and C. Grunfeld



461

(11.2% for bempedoic acid treatment vs. 1.7% in the placebo group). In patients 
with no prior history of gout only 1% of patients treated with bempedoic acid and 
0.3% of the placebo group had a gouty attack. Tendon rupture is another rare but 
important side effect of bempedoic acid therapy but whether this is more common 
in patients with diabetes is unknown. Tendon rupture occurred in 0.5% of patients 
treated with bempedoic acid vs. 0% of placebo-treated patients [45]. In meta- 
analyses, bempedoic acid therapy was associated with a decrease in the onset of 
diabetes and worsening of diabetes (RR 0.65, p = 0.03) [164]. In a review focusing 
solely on the development of new onset diabetes it was reported that new-onset 
diabetes/hyperglycemia occurred less frequently with bempedoic acid vs. placebo 
(4.7/100 vs 6.4/100 patient-years) [165].

 Therapeutic Approach

 First Priority: LDL-C

The first priority in treating lipid disorders in patients with diabetes is to lower the 
LDL-C levels to goal, unless triglycerides are markedly elevated (>500–1000 mg/
dL), which increases the risk of pancreatitis. LDL-C is the first priority because the 
database linking lowering LDL-C with reducing cardiovascular disease is extremely 
strong and we now have the ability to markedly decrease LDL-C levels. Dietary 
therapy is the initial step but, in almost all patients, will not be sufficient to achieve 
the desired LDL-C goals. If patients are willing and able to make major changes in 
their diet it is possible to achieve significant reductions in LDL-C levels but this 
seldom occurs in clinical practice [166].

Statins are the first-choice drugs to lower LDL-C levels and the vast majority of 
diabetic patients will require statin therapy. There are several statins currently avail-
able in the US and they are available as generic drugs and therefore relatively inex-
pensive. The particular statin used may be driven by price, ability to lower LDL-C 
levels, and potential drug interactions. Patients with ASCVD (secondary prevention 
patients) should be started on intensive statin therapy (atorvastatin 40–80 mg/day or 
rosuvastatin 20–40 mg/day). Given the extensive data showing that the lower the 
LDL-C the greater the reduction in ASCVD events, most secondary prevention 
patients would benefit from the addition of ezetimibe to maximize LDL-C lowering. 
Ezetimibe is now a generic drug, and therefore, this strategy will not markedly 
increase costs. Similarly, primary prevention patients who are at high risk for car-
diovascular events will also benefit from the use of high-intensity statin therapy in 
combination with ezetimibe. Primary prevention patients at moderate risk can be 
started on moderate-intensity statin therapy.

If a patient is unable to tolerate statins or statins as monotherapy are not suffi-
cient to lower LDL-C to goal the second-choice drug is either ezetimibe or a PCSK9 
inhibitor. Ezetimibe can be added to any statin. PCSK9 inhibitors can also be added 
to any statin and are the drug of choice if a large decrease in LDL-C is required to 
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reach goal (PCSK9 inhibitors will lower LDL-C levels by 50–60% when added to a 
statin, whereas ezetimibe will only lower LDL-C by approximately 20%). Bile acid 
sequestrants and bempedoic acid are alternatives with the use of a bile acid seques-
trant particularly useful if a reduction in A1c level is also needed. Ezetimibe, PCSK9 
inhibitors, bempedoic acid, and bile acid sequestrants additively lower LDL-C lev-
els when used in combination with a statin, because these drugs increase hepatic 
LDL receptor levels by different mechanisms, thereby resulting in a reduction in 
serum LDL-C levels [45]. Niacin and the fibrates also lower LDL-C levels but are 
not usually employed to lower LDL-C levels.

 Second Priority: Non-HDL-C and Triglycerides

The second priority should be non-HDL-C (non-HDL-C = total cholesterol − HDL- 
C), which is particularly important in patients with elevated triglyceride levels 
(>150 mg/dL). Non-HDL-C is a measure of all the pro-atherogenic apolipoprotein 
B containing particles. Numerous studies have shown that non-HDL-C is a strong 
risk factor for the development of cardiovascular disease [167] and the ASCVD 
calculators use non-HDL-C. The non-HDL-C goals are approximately 30 mg/dL 
greater than the LDL-C goals. For example, if the LDL goal is <100 mg/dL then the 
non-HDL-C goal would be <130 mg/dL. Drugs that reduce either LDL-C or triglyc-
eride levels will reduce non-HDL-C levels. To lower triglyceride levels initial ther-
apy should focus on glycemic control and lifestyle changes, including a decrease in 
simple sugars and ethanol intake. Additionally, if possible, discontinue medications 
that increase triglyceride levels. If drugs are needed fibrates and omega-3-fatty acids 
reduce triglyceride levels. As discussed above, studies with the omega-3-fatty acid 
icosapent ethyl (EPA; Vascepa) added to statin therapy have reduced the risk of car-
diovascular events. The National Lipid Association has recommended “that for 
patients aged ≥45 years with clinical ASCVD, or aged ≥50 years with diabetes mel-
litus requiring medication plus ≥1 additional risk factor, with fasting TGs 
135–499  mg/dL on high-intensity or maximally tolerated statin therapy (±ezeti-
mibe), treatment with icosapent ethyl is recommended for ASCVD risk reduction” 
[168]. Alternatively, one could use fenofibrate. As discussed earlier, in the ACCORD-
LIPID trial there was a suggestion of benefit with fenofibrate therapy in the patients 
in whom the baseline triglyceride levels were elevated (>204 mg/dL) and HDL cho-
lesterol levels decreased (<34 mg/dL) [110]. This may be an ideal treatment option 
in certain patients with diabetes as fenofibrate has also been shown to reduce the risk 
and/or progression of microvascular disease as discussed in detail earlier.

 Very High Triglycerides

Patients with very high triglyceride levels (>500–1000 mg/dL) are at risk of pancre-
atitis and therefore lifestyle and triglyceride-lowering drug therapy should be initi-
ated early. Initial treatment is a low-fat diet and glycemic control. Treating secondary 
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disorders that raise triglyceride levels and when possible, stopping drugs that 
increase triglyceride levels is essential. If the triglyceride levels remain above 
500 mg/dL the addition of fenofibrate and/or omega-3-fatty acids is indicated [125].

 Low HDL-C

While there is strong epidemiologic data linking low HDL-C levels with cardiovas-
cular disease, there is no clinical trials demonstrating that increasing HDL-C levels 
reduce cardiovascular disease. Thus, the use of drugs such as niacin to raise HDL-C 
levels cannot therefore be recommended.

 Conclusion

Patients with diabetes, particularly type 2 diabetes, often have dyslipidemia. 
Because of the high risk of ASCVD in patients with diabetes modern therapy 
demands that we aggressively treat lipids to reduce the high risk of cardiovascular 
disease in this susceptible population and in those with very high triglycerides to 
reduce the risk of pancreatitis.
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NVE New vessels elsewhere
PDR Proliferative diabetic retinopathy
PKC Protein kinase C
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 Introduction

Diabetic retinopathy (DR) is a microvascular complication that afflicts virtually 
all patients who have had diabetes mellitus for more than a decade [1]. Despite 
many years of research, there is presently no known cure or means of preventing 
DR, and DR remains the leading cause of new-onset blindness in working-aged 
Americans [2]. Nationwide clinical trials in the 1980s and 1990s demonstrated 
that scatter (panretinal) laser photocoagulation reduces the 5-year risk of severe 
vision loss (i.e., best corrected visual acuity of 5/200 or worse) from proliferative 
DR (PDR) from as high as 60% to less than 4%. In addition, these trials demon-
strated the efficacy of focal/grid macular laser for treatment of patients with dia-
betic macular edema (DME). Beginning in the early 2000s, availability of 
intravitreally delivered vascular endothelial growth factor (VEGF) inhibitors 
(anti-VEGF) and steroid therapies further improved visual acuity outcomes in 
patients with DME. Anti-VEGF injections have become the primary therapy for 
center involving DME with vision loss and also provided an alternative for patients 
with PDR, as well as vitreous hemorrhages secondary to neovascularization from 
PDR. Vitrectomy surgery, with endolaser photocoagulation as indicated, can fre-
quently prevent further vision loss or restore useful vision in eyes that have non-
resolving vitreous hemorrhage or traction retinal detachment threatening central 
vision. Although numerous new therapies are currently in development, until a 
prevention or cure for diabetes and diabetic retinopathy is discovered, the keys to 
preventing vision loss from DR are regular eye examinations to determine the 
need for timely laser photocoagulation or anti-VEGF intervention, and rigorous 
control of blood glucose and any accompanying systemic medical conditions, 
such as hypertension, renal disease, and dyslipidemias (Fig. 15.1).

This chapter reviews the current understanding of the etiology and pathophysiol-
ogy of DR, the clinical manifestations of the disease, and current guidelines for 
appropriate disease management and future treatment strategies.
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Fig. 15.1 Different diabetic retinopathy (DR) severity levels. (Panel a) An eye with no DR and no 
macular edema on OCT. (Panel b) Moderate–severe NPDR. The eye has extensive cotton wool 
spots, hemorrhages/microaneurysms, and intraretinal microvascular abnormalities (IRMA). (Panel 
c) An eye with high-risk proliferative diabetic retinopathy (PDR). Large areas of neovasculariza-
tion on the disc (NVD) and elsewhere (NVE) along the superotemporal and inferotemporal arcades 
are seen. (Panel d) An eye with mild NPDR and diabetic macular edema. The macular area has 
areas of retinal swelling and extensive hard exudate (yellow spots) deposition. An OCT B-scan of 
the foveal area shows fluid cysts and loss of normal foveal contour

 Pathophysiology of Diabetic Retinopathy 

 Early Studies

Diabetic retinopathy is a highly specific retinal vascular complication of both type 
1 and type 2 diabetes. Initial studies [3–5] of DR concentrated on retinal microan-
eurysms, an early clinical sign of retinal disease. Cogan, Toussaint, and Kuwabara 
pioneered many of these early investigations to elucidate the pathophysiology of 
DR. [3] Microaneurysms were shown to develop bordering areas of occluded capil-
laries with either normal or hyperplastic endothelial linings [5]. Additionally, a loss 
of mural cells in the diabetic vessels resulted in outpouchings of the capillary walls. 
The retinal microaneurysms appeared to develop from these areas that were defi-
cient in mural cells.
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The relative retinal ischemia common to DR and numerous other retinal vascular 
disorders is thought to underlie the development of retinal neovascularization and 
edema [6, 7]. In 1948, Michaelson postulated that retinal ischemia initiated the 
release of a vasoproliferative factor [6]. This putative vasoproliferative factor 
resulted in new vessel growth at the optic disc and other areas of the retina and iris, 
and might account for the increased vascular permeability associated with these 
disorders. As discussed below, recent studies have greatly increased our understand-
ing of several now-identified vasoproliferative factors.

Studies using experimentally induced diabetes in dogs demonstrated that hyper-
glycemia, characterized by deficient insulin activity, is capable of eliciting DR, even 
in animals that do not have hereditary forms of diabetes [8–12]. Engerman’s studies 
of alloxan-induced diabetic dogs showed that progression of DR is related to the 
level of glycemic control, further underscoring the role of hyperglycemia as the 
underlying etiology of DR.

 Present Understanding

Multiple investigations of DR have focused on the biochemical basis of the disease. 
Studies of numerous biochemical pathways, including the sorbitol pathway, 
advanced glycation end products (AGEs), and the protein kinase C (PKC) pathway, 
demonstrate that biochemical changes occur in the retina long before clinically evi-
dent abnormalities are observed. These studies suggest that if appropriate novel 
therapeutic interventions can be identified, early intervention might prevent or 
reverse the microvascular abnormalities associated with diabetic retinopathy.

Numerous studies have focused on the polyol pathway due to the increased flux 
through this pathway in the diabetic condition. Aldose reductase is present in the 
pericytes of the retinal capillaries and since damage to the pericytes occurs early in 
the evolution of DR, the role of aldose reductase in the pathogenesis of DR has been 
extensively evaluated. Furthermore, aldose reductase is present in nerve tissue and 
induces depletion of myoinositol, leading to a decrease in nerve conduction velocity 
in diabetic neuropathy. Inhibitors of aldose reductase have been effective in prevent-
ing damage to the lens, in preventing thickening of retinal capillary basement mem-
branes in diabetic animals, and in improving nerve conduction velocity in patients 
with diabetic neuropathy. Thus, it has been postulated that aldose reductase inhibi-
tors may also be able to prevent, delay, or halt the development or progression of 
DR. Unfortunately, clinical trials of the aldose reductase inhibitor sorbinil have not 
proved clinically effective in preventing the progression of DR. [13, 14]

Additional studies have evaluated advanced glycation end products (AGEs). The 
presence of high concentrations of glucose can result in the glycation of numerous 
proteins, especially albumin [15]. These glycated proteins adversely affect cellular 
and capillary function, structure, and metabolism. Exposure to glycated proteins 
induces changes in the glomerulus similar to those observed in diabetes, as well as 
changes in the nerves resembling diabetic neuropathy. The effect of AGE in the eye 
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is being actively studied. AGE can affect both the neuronal and vascular compo-
nents of the eye, as well as induce numerous growth factors. As such, it may play a 
role in the progression of diabetic retinopathy.

Other studies have concentrated on the hyperglycemia-induced activation of pro-
tein kinase C (PKC), which can affect a wide range of vascular functions, including 
vascular permeability, contractility, retinal blood flow, and growth factor expression 
and signal transduction [16, 17]. Hyperglycemia is known to increase the level of 
diacylglycerol (DAG), which is the physiologic activator of PKC. Much of the vas-
cular dysfunction associated with diabetes is thought to be mediated through this 
increased action of PKC. There are numerous isoforms of PKC; however, in the 
retina, PKC α, β, and δ are primarily expressed. Investigations have suggested that 
the β isoform of PKC is principally associated with the pathology associated with 
the diabetic state [18]. In laboratory animals, PKC β selective inhibitors have been 
shown to ameliorate renal dysfunction, retinal blood flow abnormalities, vascular 
permeability [19], and neovascularization associated with diabetes and diabetes- 
like models [20]. In addition, activation of PKC is partially involved in the expres-
sion of critical growth factors, such as vascular endothelial growth factor (VEGF) 
[14], which mediates much of the neovascularization and vascular permeability in 
the eye. Thus, inhibition of the β isoform PKC may possibly block numerous patho-
logical processes in the diabetic condition that result in the vascular dysfunction and 
ocular complications associated with DR.  Since a PKC β selective inhibitor has 
been shown to be well tolerated in animals and ameliorates many of the abnormali-
ties associated with diabetes, these molecules have also been evaluated in clinical 
trials. These studies have demonstrated that although PKC beta inhibition using 
ruboxistaurin does not prevent the progression of diabetic retinopathy, it may have 
a beneficial effect on macular edema and on reducing vision loss and need for laser 
therapy for diabetic macular edema [21, 22]. The magnitude of the effect however, 
did not support further use in the clinic.

The 50-Year Medalist study at the Joslin Diabetes Center has evaluated over 
1000 patients who have survived 50 or more years of insulin-dependent diabetes 
[23, 24]. The study has identified a potential factor associated with protection from 
advanced DR in this cohort. Retinol binding protein 3 (RBP3) was found at higher 
concentrations in retina and vitreous samples from Medalist patients with no to mild 
NPDR versus PDR [25]. Data from preclinical studies have since suggested that this 
photoreceptor-secreted protein may have effects on the vascular and neural retina 
mediated by its binding to GLUT1 receptors and secondary decreased expression of 
vascular endothelial growth factor (VEGF).

 Genetic Risk Factors

From early concordant twin studies it has been postulated that genetic risk factors 
exist between onset, severity, and progression of DR. [26] There has been recent 
focus on possibly elucidating these genetic risk factors which may delay or hasten 
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the progression to severe PDR. There are published reports on two unique cohorts 
of patients with type 1 DM of more than 50 years. A possible genetically deter-
mined protective effect against the development of diabetic nephropathy and large 
vessel disease was seen in the Golden Years cohort in the UK [24]. The Joslin 
Diabetes Center’s 50-year Medalist cohort has observed that only approximately 
50% of type 1 diabetic patients with extreme duration diabetes have developed PDR 
despite decades of hyperglycemia [27]. These two cohorts point to a possible genetic 
susceptibility or resistance to the development of PDR in these unique cohorts with 
extreme durations of diabetes. In addition, common genetic factors may be involved 
in the development of PDR and end-stage renal disease among diabetic patients due 
to the high degree of concordance of these two complications [28].

Candidate gene approaches look at specific allele or gene variants associated 
with disease mechanism. These studies have evaluated a large number of potential 
genetic associations with diabetic eye disease but have not yielded consistent of 
reproducible results. The best known and most studied is the VEGF gene [29–31]. 
The most common polymorphism, rs2010963, has yielded inconsistent results with 
only one out of four large meta-analyses confirming its relationship with advanced 
diabetic retinopathy [32–35]. Studies have identified a specific SNP at the promoter 
of the erythropoietin gene, located at 7q21, that is associated with higher rates of 
development of severe diabetic eye and kidney complications [36]. Erythropoietin 
has previously been shown to be angiogenic in the eye [37]. The promoter polymor-
phism identified [36] results in the formation of an AP1 transcription binding site 
with 25-fold increase in promoter activity. Indeed, patients with this polymorphism 
have 7.5-fold increased erythropoietin concentration in the vitreous of the eye. One 
of the largest studies to look at candidate genes in DR was the Candidate gene 
Association Resource (CARe) [38]. Upon evaluating 2691 participants with type 2 
DM, the study did not find an association between the commonly studied candidate 
genes and DR.

In contrast to the candidate gene approach, genome-wide association studies 
(GWAS) explore the entire genome, offering an unbiased approach to all potential 
genetic associations [39, 40]. The GWAS approach has been used in many popula-
tions, but results have been variable and most identified variants have not been 
reproduced in other populations or independent cohorts [41–44]. Possible reasons 
could include relatively small sample sizes in these studies, failure to account for 
potential confounders, such as diabetes duration, and a frequent lack of clear defini-
tions for cases and controls [45].

Whole exome sequencing (WES) attempts to overcome some of the limitations 
in GWAS by sequencing only the protein coding regions (exons), thereby not 
including non-coding regions [46]. There have only been a few studies that have 
implemented this technique and future studies with larger cohorts will demonstrate 
if an association between specific gene variants and DR can be found using this 
approach [47, 48].
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 Natural History and Clinical Features of Diabetic Retinopathy

 Epidemiology

In 2019, it was estimated that 463 million people worldwide have diabetes [49, 50]. 
This number is projected to increase to 700 million by 2045. A recent meta-analysis 
that included data from 22,896 patients with diabetes found that the overall preva-
lence was 34.6% for any DR, 6.81% for DME, and 10.2% for vision threatening 
diabetic retinopathy (combination of moderate NPDR or worse and DME) [51].

Early data from the 1980s suggested that 25% of patients with type 1 and 15.5% 
with type 2 DM developed advanced proliferative diabetic retinopathy (PDR) after 
15 years of diabetes [52, 53]. Of note, these numbers were reported prior to land-
mark clinical trials establishing the importance of intensive glycemic control on 
limiting DM complications both systemically and within the eye. The change in 
trend was reflected in a large meta-analysis looking at 27,120 diabetic patients with 
10 years or more of follow-up and determined that the 4 and 10 year risk of progres-
sion to PDR was substantially lower in the 1986–2008 cohort compared to the 
1975–1985 one [54].

DR is the most frequent cause of new-onset blindness among American adults 
aged 20–74 years. In the Wisconsin Epidemiologic Study of Diabetic Retinopathy, 
approximately 4% of younger-onset patients (aged <30 years at diabetes diagnosis) 
and nearly 2% of older-onset patients (aged ≥30 years at diabetes diagnosis) were 
legally blind. In the younger-onset group, 86% of blindness was attributable to 
DR. In the older-onset group, where other eye diseases were also common, 33% of 
the cases of legal blindness were due to DR. [55, 56] Rates of blindness and visual 
impairment from DR have decreased in some developed countries in the modern era 
due to improvements in DR screening programs, patient education, systemic con-
trol, and advances in treatment. However, diabetes-related blindness is still a com-
mon cause of vision loss globally and results in health care costs in the United States 
in excess of $500 million annually [57].

Duration of diabetes is closely associated with the onset and severity of 
DR. Clinical signs of DR are rare in prepubescent patients with type 1 diabetes, but 
nearly all patients with type 1 diabetes and more than 60 percent of patients with 
type 2 diabetes will develop some degree of DR after 20 years [55, 56]. In patients 
with type 2 diabetes, approximately 20% will have DR at the time of diabetes diag-
nosis, and most will develop some degree of DR over subsequent decades.

Level of glycemic control is another significant risk factor for the onset and pro-
gression of DR. [58–65] Both the Diabetes Control and Complications Trial (DCCT) 
and the Epidemiology of Diabetes Interventions and Complications (EDIC) Study 
demonstrated a clear and sustained relationship between hyperglycemia and dia-
betic microvascular complications, including retinopathy, nephropathy, and 
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neuropathy, among type 1 diabetic patients [58–65] In the DCCT, 1441 patients 
with type 1 diabetes who had either no retinopathy at baseline (primary prevention 
cohort) or minimal-to-moderate nonproliferative diabetic retinopathy (NPDR) (sec-
ondary progression cohort) were treated by either conventional diabetes therapy 
(i.e., one or two injections of insulin daily) or intensive diabetes management (i.e., 
three or more daily insulin injections or a continuous subcutaneous insulin infu-
sion.) The patients were followed for 4–9 years. The DCCT showed that intensive 
insulin therapy reduced or prevented the development of DR by 27% as compared 
with conventional therapy. Additionally, intensive therapy reduced the progression 
of DR by 34–76% and had a substantial beneficial effect over the entire range of 
DR. This improvement was achieved with an average 10% reduction in HbA1c from 
8 to 7.2%. The EDIC study has followed patients enrolled in the DCCT study for 
nearly three decades after their original DCCT participation. Participants who had 
been assigned to intensive treatment were encouraged to continue, and participants 
originally assigned to conventional treatment were advised to change to intensive 
treatment. The risk reductions observed in the DCCT between the rates of microvas-
cular complications in the intensive compared to conventional treatment were sus-
tained throughout 18  years of follow-up [60, 66]. These beneficial effects were 
achieved despite a continuously narrowing difference in HbA1c between groups 
which was not statistically significant by 5 years of follow-up [60]. Furthermore, 
over a median follow-up of 23 years, intensive glycemic control was associated with 
a 48% risk reduction in diabetes-related ocular surgeries and a 37% risk reduction 
in all ocular procedures [67]. This finding underscores the need for intensive diabe-
tes management as soon as it is safely possible which should be sustained with a 
target HbA1c level of 7.0% or less. Although intensive therapy does not prevent DR 
completely, when begun early before microvascular complications are present; it is 
effective in significantly reducing the risk of development and progression of DR.

The United Kingdom Prospective Diabetes Study (UKPDS) found similar results 
for patients with type 2 diabetes. In the UKPDS, 4209 patients with newly diagnosed 
type 2 diabetes who had either no DR at baseline (primary prevention cohort) or 
minimal-to-moderate NPDR (secondary progression cohort) were randomly 
assigned to conventional or intensive blood glucose control, using sulfonylureas and/
or insulin. The UKPDS showed that intensive therapy reduced the risk of all micro-
vascular endpoints, including vitreous hemorrhage, retinopathy requiring laser pho-
tocoagulation, and renal failure by 25%. Overall, intensive control resulted in a 29% 
reduction in need for laser photocoagulation, a 17% reduction in a two- step progres-
sion of DR, a 24% reduction in the need for cataract extraction, a 23% reduction in 
vitreous hemorrhage, and a 16% reduction in legal blindness. This improvement was 
achieved with an average 10% reduction in HbA1c from 7.9% to 7.0% [68, 69].

Renal disease, as manifested by microalbuminuria and proteinuria, is yet another 
significant risk factor for onset and progression of DR. [70, 71] Similarly, hyperten-
sion has been associated with PDR in some studies and may be a risk factor for the 
development of macular edema [72, 73]. Both renal retinopathy and hypertensive 
retinopathy can be superimposed on DR. Additionally, elevated serum lipid levels 
are associated with lipid deposits in the retina (hard exudates) and visual loss [37, 
74, 75]. Thus, systemic control of blood pressure, renal disease, and serum lipids are 
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critically important components in the management of DR. [76] In addition, several 
studies suggest that pregnancy in patients with type 1 diabetes patients may aggra-
vate DR. [77–79]

 Clinical Findings in Diabetic Retinopathy

Clinical findings associated with early and progressing DR include hemorrhages 
and/or microaneurysms (H/Ma), cotton wool spots (CWS), hard exudates (HE), 
intraretinal microvascular abnormalities (IRMA), and venous caliber abnormalities 
(VCAB), including venous loops, venous tortuosity, and venous beading. 
Microaneurysms are saccular outpouchings of the capillary walls. These microan-
eurysms can leak fluid, causing areas of hyperfluorescence on a fluorescein angio-
gram. Ruptured microaneurysms, as well as leaking capillaries and intraretinal 
microvascular abnormalities, result in intraretinal hemorrhages. These intraretinal 
hemorrhages can be “flame shaped” or spot-like in appearance, reflecting the archi-
tecture of the layer of the retina in which they occur. Flame-shaped hemorrhages are 
generally in the nerve fiber layer of the retina, which runs parallel to the retinal 
surface. Dot or pinpoint hemorrhages are deeper in the retina, reflecting cells that 
are arranged perpendicular to the retinal surface.

Intraretinal microvascular abnormalities are abnormal vessels located within the 
retina itself. They may represent either localized intraretinal new vessel growth or 
shunting vessels through areas of poor vascular perfusion. It is common for IRMA 
to be found adjacent to cotton wool spots, which are feathery lesions in the nerve 
fiber layer of the retina resembling the fluffy appearance of cotton. Cotton wool 
spots are caused by microinfarcts in the nerve fiber layer. Cotton wool spots in a ring 
or partial ring surrounding the optic nerve head are frequently signs of severe renal 
disease or hypertension.

Venous caliber abnormalities are a sign of severe retinal hypoxia. Venous caliber 
abnormalities can be associated with any of the lesions of NPDR; however, in many 
cases of severe retinal hypoxia, distal retinal areas may be free of nonproliferative 
lesions due to the extensive vascular loss present. Such “lesion free” areas are 
termed “featureless retina.”

Vision loss from DR can result from persistent, non-clearing vitreous hemorrhage, 
traction retinal detachment, retina ischemia, and/or diabetic macular edema. 
Neovascularization and contraction of the accompanying fibrous tissues can distort 
the retina and lead to traction retinal detachment. If a traction retinal detachment 
involves or threatens the macula, irreversible severe vision loss may result. Also, the 
new vessels may bleed, causing preretinal or vitreous hemorrhage. Pars plana vitrec-
tomy can relieve the traction in cases where vision is threatened and can remove per-
sistent vitreous hemorrhage, often restoring useful vision. The most common cause of 
vision loss from diabetes, however, is macular disease and macular edema. Macular 
edema is more likely to occur in patients with type 2 diabetes, which represents 90% 
or more of the diabetic population. In diabetic macular disease, macular edema or 
non-perfusion of the capillaries in the macular area results in the loss of central vision.
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 Classification of Diabetic Retinopathy

DR is broadly classified as nonproliferative diabetic retinopathy (NPDR) and pro-
liferative diabetic retinopathy (PDR). The lesions of NPDR include dot and blot 
hemorrhages and/or microaneurysms, cotton wool spots, hard exudates, venous 
caliber abnormalities, and intraretinal microvascular abnormalities. Based on the 
presence and extent of these retinal lesions, NPDR is further classified as mild, 
moderate, severe, or very severe NPDR. (Table 15.1) PDR is characterized by new 
vessels on the optic disc (NVD), new vessels elsewhere on the retina (NVE), 

Table 15.1 Levels of diabetic retinopathy

Non-proliferative Diabetic 
Retinopathy (NPDR) Characteristics

Mild NPDR • At least one microaneurysm
• Characteristics not met for more severe DR

Moderate NPDR •  Hemorrhages &/or microaneurysms (H/ma) of a moderate 
degree (i.e., ≥ standard photograph 2A1*) and/or

•  Soft exudates (cotton wool spots), venous beading (VB), 
or intraretinal microvascular abnormalities (IRMA) 
definitely presentand

• Characteristics not met for more severe DR
Severe NPDR One of the following:

• H/Ma ≥ standard 2A in 4 retinal quadrants
•  Venous beading in ≥ 2 retinal quadrants (see standard 

photo 6B)
• IRMA in ≥ 1 retinal quadrant ≥ standard photo 8A
• Characteristics not met for more severe DR

Very severe NPDR • Two or more lesions of severe NPDR
• No retinal neovascularization

Proliferative Diabetic Retinopathy 
(PDR)

Characteristics

Early PDR • New vessels definitely present
• Characteristics not met for more severe DR

High-risk PDR One or more of the following:
•  Neovascularization on the optic disc (NVD) ≥ standard 

photo 10 A (i.e., ≥1/4 to 1/3 disc area)
• Any NVD with vitreous or preretinal hemorrhage
•  Neovascularization elsewhere on the retina (NVE) ≥1/2 

disc area with vitreous or preretinal hemorrhage
Clinically significant macular edema (CSME)

Any one of the following lesions:
• Retinal thickening at or within 500 microns (1/3 disc diameter) from the center of the macula
• Hard exudates at or within 500 microns from the center of the macula with thickening of the 
adjacent retina
• A zone or zones of retinal thickening ≥ 1 disc area in size, any portion of which is at or within 
1 disc diameter from the center of the macula

1*Standard photographs refer to the Modified Airlee House Classification of Diabetic Retinopathy 
(see reference ETDRS report # 12)
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preretinal hemorrhage (PRH), vitreous hemorrhage (VH), and/or fibrous tissue pro-
liferation (FP). Based on the presence or absence of proliferative lesions, their 
severity, and their location, PDR is classified as early PDR or high-risk 
PDR. (Table 15.1) Diabetic macular edema (DME) can be present with any level of 
diabetic retinopathy and needs to be evaluated in addition to the level of DR. DME 
that involves or threatens the center of the macula is termed clinically significant 
macular edema (CSME). (Table 15.1) The level of NPDR establishes the risk of 
progression to sight-threatening retinopathy and appropriate clinical management 
as specifically detailed in Table 15.2.

In elucidating the natural history of DR, the Early Treatment Diabetic Retinopathy 
Study (ETDRS) evaluated the risks of progression from no or minimal DR to sight- 
threatening PDR.  Importantly, the ETDRS showed that certain nonproliferative 
lesions, particularly venous beading, intraretinal microvascular abnormalities, and 
hemorrhages and/or microaneurysms are significant prognosticators for the devel-
opment of proliferative disease within a 12-month period. Pregnancy, puberty, and 
cataract surgery can accelerate these changes.

Table 15.2 Recommended general management of diabetic retinopathy

Level of DR

Risk of Progression to

F/U (mos)PDR 1 year
High-Risk
PDR-5 year

Mild NPDR
    • No DME
    • Non-ciDME
    • ciDME

5% 15% 12
3–6
1

Moderate NPDR
    • No DME
    • Non-ciDME
    • ciDME

12–27% 33% 6–12
3–6
1

Severe NPDR
    • No DME
    • Non-ciDME
    • ciDME

52% 60% 3–4
2–4
1

Very severe NPDR
    • No DME
    • Non-ciDME
    • ciDME

75% 75% 3–4
2–4
1

PDR < high risk
    • No DME
    • Non-ciDME
    • ciDME

75% 3–4
2–4
1

High-risk PDR
    • No DME
    • Non-ciDME
    • ciDME

2–4
2–4
1

NPDR Non-proliferative diabetic retinopathy, PDR Proliferative diabetic retinopathy, DME 
Diabetic macular edema, ciDME Center-involved diabetic macular edema, mos months, Occ 
Occasionally, OccAF Occasionally after focal
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Table 15.3 International clinical DR and DME disease severity scales [80]

Diabetic Retinopathy Disease Severity
No apparent DR No abnormalities
Mild NPDR Microaneurysm (ma) only
Moderate NPDR More than ma only but less than severe NPDR
Severe NPDR Any of the following and no PDR:

    >20 intraretinal hemorrhages in each 4 quadrants
    Definite VB in 2+ quadrants
    Prominent IRMA in 1 quadrant

PDR One or more of: NV, VH, PRH
Diabetic macular edema disease severity
DME apparently absent No apparent retinal thickening or HE in posterior pole
DME apparently present Some apparent retinal thickening or HE in posterior 

pole
Mild DME—Some retinal thickening or HE in posterior pole but distant from center of the 
macula
Moderate DME—Retinal thickening or HE approaching the center of the macula but not 
involving the center
Severe DME—Retinal thickening or HE involving the center of the macula

In an effort to standardized classification of DR across international borders and 
among different health care providers, leaders from various groups and nations (the 
Global Diabetic Retinopathy Project Group) established and promulgated the 
Proposed International Classification of Diabetic Retinopathy [80]. (Table  15.3) 
This classification identifies three levels of NPDR and one level of PDR.  With 
regard to macular edema, two major categories—macular edema present and macu-
lar edema absent—are identified. If macular edema is present, three categories are 
defined: macular edema not threatening the center of the macula, macula edema 
threatening the center of the macula, and macula edema involving the center of 
the macula.

Recently, optical coherence tomography (OCT) has become the benchmark to 
diagnose and monitor diabetic macular edema. OCT has also been accompanied by 
widespread use of intravitreal anti-VEGF and steroid medications to treat 
DME. OCT has been used to monitor patient response to injections and drive ther-
apy. Clinical trials exploring the effects of anti-VEGF as well as novel therapeutics 
routinely use OCT. As such, current diabetic macular edema classification is based 
on central subfield thickness (CST), which is the average thickness of a circular area 
1 mm in diameter centered around the center point [81]. A large multicenter study 
looking at CST OCT measurements in patients with mild or no DR proposed values 
of ≥320 μm for males and 305 μm for females (approximately 2 SDs above the 
average of the normative cohort) to be used to determine the presence or absence of 
DME [82]. Of note, these measurements are for the Heidelberg OCT machine and 
values are different on other devices [83]. These cut-off values are routinely used in 
clinical trials to enroll, treat, and monitor patients. If a patient has CST values 
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greater than the cut-off they are deemed to have center involved macular edema 
(ciDME), while if edema is present but CST values are below threshold they are 
graded as having non-ciDME.

While CST values are diagnostic for ciDME, they are not the only determinant 
for treatment. Post hoc analysis by the DRCR Retina Network has found only a 
moderate correlation between CST thickness and visual acuity [84]. As such, there 
are patients with extensive thickening and excellent VA, while others have mild 
thickening and poor VA. Therefore, in current treatment algorithms, both VA and 
CST are used to determine initiation, continuance, and deferral of therapy.

 Treatment of Diabetic Retinopathy

 Overview

Appropriate clinical management of DR was initially defined by five major, ran-
domized, multicentered clinical trials: the Diabetic Retinopathy Study (DRS) [85–
95], the Early Treatment Diabetic Retinopathy Study (ETDRS) [73, 74, 96–103], the 
Diabetic Retinopathy Vitrectomy Study (DRVS) [104–108], the Diabetes Control 
and Complications Trial (DCCT) [58, 61–65], and the United Kingdom Prospective 
Diabetes Study (UKPDS) [68, 109]. These studies elucidated delivery and proper 
timing for laser photocoagulation surgery for the treatment of both DR and 
DME [110–115]. They also established guidelines for vitrectomy surgery. The DRS 
demonstrated that scatter (panretinal) laser photocoagulation was effective in reduc-
ing the risk of severe vision loss from PDR by 50% or more.

The ETDRS was a multicenter, randomized clinical study designed to test [1] 
whether 650 mg of aspirin per day had any effect on the progression of diabetic reti-
nopathy, [2] whether focal laser photocoagulation for macular edema reduced the 
risk of moderate vision loss (i.e., a doubling of the visual angle, e.g., 20/20 reduced 
to 20/40), and [3] whether scatter laser photocoagulation was more beneficial in 
reducing the risk of severe vision loss (i.e., best corrected visual acuity of 5/200 or 
worse) when applied prior to the development of high-risk PDR, as defined below. 
The ETDRS enrolled 1377 patients at 22 centers nationwide. Major conclusions of 
the ETDRS were as follows: [1] a daily dose of 650 mg of aspirin does not prevent 
the development of high-risk proliferative retinopathy and does not reduce the risk 
of visual loss, nor does it increase the risk of vitreous hemorrhage; [2] focal laser 
photocoagulation for diabetic macular edema reduces the risk of moderate visual 
loss by at least 50%, from nearly 30% to less than 15%; and [3] both early scatter 
laser photocoagulation and photocoagulation at the time of reaching high-risk PDR 
result in significant reduction in the risk of severe visual loss to less than 4%, 
although some groups, including those with type 2 diabetes or type 1 diabetes of 
long duration, have a greater benefit from early treatment [116]. As mentioned 
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above, the ETDRS also clarified the natural history of DR and the risk of progres-
sion of DR based on the baseline level of retinopathy [110–113].(Table 15.1) 
Finally, the ETDRS identified specific lesions that placed an eye at high risk for 
visual loss [111]. These lesions include H/Ma, VCAB, and IRMA as detailed in 
Table  15.1. Based on ETDRS findings, proper diagnosis of the level of DR 
(Table 15.2) determines appropriate timing of follow-up evaluation and when to 
initiate laser photocoagulation.

The DRVS demonstrated that early vitrectomy was useful in restoring vision for 
some persons who have severe vision loss due to vitreous hemorrhage. In addition, 
the DRVS demonstrated that persons with severe fibrovascular proliferation were 
more likely to obtain better vision, and less likely to have poor vision, when PPV as 
performed early. The DRVS demonstrated the value of vitrectomy in restoring use-
ful vision, particularly in patients with type 1 diabetes. The treatment benefits dem-
onstrated in the DRVS, which was completed in 1989, are not totally applicable 
today due to dramatic advances in surgical techniques, the advent of endolaser pho-
tocoagulation, and the use of anti-VEGF therapy.

The understanding of the role of growth factors in DR and DME has grown sig-
nificantly over the past decade [29, 117]. Multiple growth factors mediate both the 
neovascularization of PDR and the increased permeability associated with 
DME. VEGF is believed to be one of the fundamental growth factors involved in 
these processes in the eye. This central role of VEGF in the pathogenesis of retinal 
neovascularization and vascular leakage has triggered a new paradigm in the man-
agement of retinal disease with pharmacologic agents. Intravitreal injections of 
anti-VEGF agents have been shown to inhibit the development of choroidal and 
retinal neovascularization and decrease the amount of vascular leakage. These com-
pounds are injected into the vitreous cavity of the eye on a repetitive basis and have 
robust and consistent clinical data to demonstrate beneficial activity. The marked 
beneficial effect induced by anti-VEGF agents in eyes with severe neovasculariza-
tion of the retina and anterior segment has dramatically improved the treatment of 
those cases where the severity of the condition precluded laser treatment [118, 119]. 
Ranibizumab and aflibercept have been FDA approved for the treatment indications 
of DR and DME.

Many of the clinical studies and trials that have shaped clinical care for DR and 
DME in the modern era have been performed by the DRCR Retina Network. The 
DRCR Retina Network is a National Institutes of Health-sponsored collaborative 
network dedicated to multicenter clinical trial research of retinal diseases, includ-
ing DR, DME, and associated disorders. Results of phase 3 clinical trials initiated 
and completed by the Network have established anti-VEGF therapy as the standard 
of care in the management of DME. They have also established its safety and effi-
cacy in the management of eyes with PDR. These studies have also defined treat-
ment algorithms for the administration of intravitreal medications in both DME and 
PDR as well as how to incorporate retinal imaging in the management and care of 
patients.
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 Proliferative Diabetic Retinopathy

 Panretinal Photocoagulation

Both the DRS and the ETDRS demonstrated the value of scatter (panretinal) laser 
photocoagulation for treating PDR. In scatter laser photocoagulation, 1200 to 1800 
laser burns are applied to the peripheral retinal tissue, focused at the level of the reti-
nal pigment epithelium. Large vessels are avoided, as are areas of preretinal hemor-
rhage. It has been previously thought that treatment should be divided into two or 
more sessions, spaced one to two weeks apart with follow-up after 3 months from 
completion of the treatment. Evidence from a multicenter prospective, non- 
randomized trial has shown that single session PRP may not be as detrimental as 
previously thought, and may be the same or even better long term than divided treat-
ment [120].

The response to scatter laser photocoagulation varies. The most desirable effect 
is to see a regression of the new vessels. In some cases, there may be a stabilization 
of the neovascularization, with no further growth. This response may be acceptable, 
with careful clinical monitoring. In some cases, new vessels continue to proliferate, 
requiring additional scatter laser photocoagulation. In cases where neovasculariza-
tion continues and does not respond to further laser photocoagulation, vitreous 
hemorrhage and/or traction retinal detachment may occur, possibly requiring surgi-
cal intervention with pars plana vitrectomy if vision is threatened. Eyes with high- 
risk PDR should receive prompt scatter laser photocoagulation. Eyes approaching 
high-risk characteristics (i.e., eyes with PDR less than high risk, and eyes with 
severe or very severe NPDR) may also be candidates for scatter laser photocoagula-
tion. Recent progression of the eye disease, status of the fellow eye, compliance 
with follow-up, concurrent health concerns, such as hypertension or kidney disease, 
and other factors must be considered in determining if laser surgery should be per-
formed in these patients. In particular, patients with type 2 diabetes should be con-
sidered for panretinal photocoagulation prior to the development of high-risk PDR 
since the risk of severe visual loss and the need for PPV can be reduced by 50% in 
these patients by early scatter treatment, especially when macular edema is pres-
ent [116].

 Anti-VEGF Therapy

The DRCR Retina Network Protocol S compared the use of intravitreal anti-VEGF 
(ranibizumab) to PRP in the management of PDR.  The study demonstrated that 
ranibizumab therapy was non-inferior to PRP with regard to visual acuity (VA) 
outcomes at 2 and 5 years [121]. Moreover, this trial found that eyes treated with 
anti-VEGF had less visual field loss, less need for vitrectomy, and less frequent 
development of DME than eyes that received PRP. The effectiveness of intravitreal 
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anti-VEGF therapy for PDR was further confirmed by the CLARITY study, which 
compared the safety and efficacy of intravitreal aflibercept versus PRP in patients 
with active PDR [122]. This trial found that aflibercept treatment resulted in supe-
rior VA outcomes at 1 year compared to PRP.

Patients in DRCR Protocol S were followed for a total of 5 years. Although, aver-
age VA at year 5 was excellent (mean 20/25  in both the ranibizumab and PRP 
groups), most patients still required at least 1 injection during year 5 [123]. On aver-
age, patients received 2.9 injections in both years 4 and 5, with a mean total of 19.2 
injections over the 5 years [123]. Therefore, the large number of visits and increased 
cost associated with anti-VEGF therapy as well as the need for close continued 
monitoring to manage recurrences are important factors to consider prior to initiat-
ing therapy [124].

 Diabetic Macular Edema

Focal Laser Photocoagulation

Focal laser for CSME has been shown to be effective in reducing the risk of moder-
ate visual loss [125]. In focal laser photocoagulation, lesions from 300 microns to 
3000 microns from the center of the macula that are contributing to thickening of 
the macula area are directly photocoagulated. These lesions are generally identified 
by fluorescein angiography and consist primarily of leaking microaneurysms. 
Although fluorescein angiography is generally used to identify treatable lesions for 
focal laser photocoagulation, fluorescein angiography is not necessary for the diag-
nosis of CSME.

Follow-up evaluation following focal laser surgery generally occurs after 3 or 
4  months. In the cases where macular edema persists, further treatment may be 
necessary. Macular laser has a diminished role for treatment of DME in the era of 
anti-VEGF therapy, but is still of use in eyes that are not candidates for anti-VEGF 
or as adjunctive therapy when edema persists despite intravitreal anti-VEGF 
treatment.

Steroid Therapy

Both periocular and intravitreal steroids have been used for the treatment of 
DME. To validate the initial findings from small case series and uncontrolled clini-
cal trials, two multicenter randomized prospective clinical trials were undertaken to 
address both the effectiveness and safety of both routes of steroid administration. 
Peribulbar steroid injections were found to have no significant benefit for the treat-
ment of DME and further study of the approach has been currently abandoned 
[126]. The results of a 2-year trial comparing intravitreal steroids to focal laser have 
shown that despite an initial rapid reduction in retinal thickness and improvement in 
vision with the intravitreal steroid injection, by 1 year the results were no better than 
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laser photocoagulation, and after 2 years, the steroid was inferior to the laser treat-
ment in both visual outcome and retinal thickness. In addition, there was an approx-
imately fourfold increase in the rate of intraocular pressure complications and a 
fourfold increase in need for cataract surgery in the steroid-treated group [125].

Another large multicenter study compared intravitreal anti-VEGF to macular 
laser and intravitreal steroid therapy (Triamcinolone) and demonstrated that 
although intravitreal steroids were associated with initial VA gains, this was fol-
lowed by a decrease in mean VA after week 24 [127, 128]. At years 1 and 2, VA 
gains were not significantly different between the steroid group and the laser group 
(+1.1 letters and −1.5 letters mean difference at 1 and 2 years, respectively) [127, 
128]. These findings may have been due in part to the development of cataracts or 
the negative impact of cataract surgery on macular edema in triamcinolone group 
eyes. A subgroup analysis in triamcinolone-treated eyes that were pseudophakic at 
baseline demonstrated that the visual acuity results were substantially better than 
for phakic eyes. Approximately 50% of eyes in the triamcinolone group had an 
intraocular pressure (IOP) elevation >10 mmHg from baseline, IOP >30, or initia-
tion of IOP lowering medications at 1 or more visits during 2 years of follow-up. In 
addition, 59% required cataract surgery during the 2 years of follow-up. Given these 
results, intravitreal steroid therapy is generally regarded as second-line treatment 
for most eyes with DME unless they are not candidates for anti-VEGF injections.

 Anti-VEGF Therapy

The DRCR Retina Network Protocol I was one the first phase 3 study to compare 
the following treatments for ci-DME: intravitreal ranibizumab, intravitreal triam-
cinolone (TA), and macular laser. The study helped establish anti-VEGF as the cur-
rent standard of care in the management of patients with ci-DME. This trial showed 
that ranibizumab therapy was highly effective in the treatment of ci-DME, with 
patients gaining on average 8 or 9 letters compared to only 3 letters in the laser 
group at 1 year [127, 128]. Furthermore, the visual acuity (VA) gains achieved in the 
first year with ranibizumab were maintained all through the 5-year follow-up with a 
decreasing frequency of injections reaching a median of 0–1 injections in the fourth 
and fifth year [129].

The DRCR Retina Network also sought to compare available anti-VEGF medi-
cations and in a large multicenter study (Protocol T) compared the three available 
treatments; bevacizumab, ranibizumab, and aflibercept [130]. The study demon-
strated that in patients with a baseline VA of 20/32–20/40, visual outcomes with all 
three anti-VEGF medications were similar [130]. In contrast, in patients with a VA 
of 20/50 or worse at baseline, aflibercept was associated with significantly more VA 
gains and DME resolution compared to both ranibizumab and bevacizumab at 
1 year. By the second year, although the differences between aflibercept and ranibi-
zumab decreased and were no longer significant, aflibercept was still superior to 
bevacizumab [131].

Because the inclusion criteria for most initial studies of anti-VEGF for DME 
required a baseline VA of 20/32 or worse, there were no clear guidelines for patients 
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with a VA of 20/25 or better and ci-DME [132]. The DRCR Retina Network Protocol 
V explored a strategy of initial observation with anti-VEGF if needed for visual wors-
ening during follow-up, macular laser with anti-VEGF treatment if needed for vision 
loss or initial intravitreal aflibercept (anti-VEGF) at baseline in patients with a VA of 
20/25 or better and ci-DME on OCT. The study concluded that the rates of visual loss 
were similar in all three groups and at 2 years the mean visual acuity was 20/20 in each 
group. These findings suggest that for most eyes with good baseline vision despite 
ciDME, a strategy of initial observation with subsequent initiation of anti-VEGF if VA 
were to decrease is a viable strategy. The subsequent Protocol AC study demonstrated 
that a specific form of step therapy using bevacizumab first, followed by aflibercept 
when outcomes were suboptimal, resulted in similar visual acuity outcomes to afliber-
cept monotherapy in eyes with moderate visual impairment from CI-DME.

 Vitrectomy for Advanced PDR

In cases with vitreous hemorrhage secondary to PDR, a recent randomized con-
trolled trial compared a strategy of intravitreal aflibercept versus immediate vitrec-
tomy with PRP [133]. The study reported there were no significant differences in 
mean VA score between both groups at 24 weeks. Eyes assigned to vitrectomy had 
faster visual recovery and greater clearance of vitreous hemorrhage over the first 
4 weeks of the study. The study thus suggests that both treatment strategies are rea-
sonable approaches to cases of vitreous hemorrhage from PDR that are uncompli-
cated by macula-threatening vitreoretinal traction. However, vitrectomy still 
remains the only treatment available to relieve traction that involves or threatens the 
center of the macula.

 Novel Treatments

Numerous recent advances in our understanding of the basic mechanisms underly-
ing the progression of DR have raised the possibility of novel therapies against the 
progression of NPDR, PDR, and DME.

Fenofibrate

Two phase 3 studies of the peroxisome proliferator-activated receptor α medication, 
fenofibrate, have suggested that this oral agent may prevent worsening of early 
stage DR. The Fenofibrate Intervention and Event Lowering in Diabetes (FIELD) 
study randomized 9795 study participants with type 2 diabetes to fenofibrate versus 
placebo [134]. The need for laser treatment for DR or DME was significantly lower 
in the fenofibrate group (HR 0.69, 95% CI 0.56–0.84, P  =  0.0002) [135]. In 
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addition, eyes with existing DR at baseline demonstrated a significant reduction in 
DR worsening with fenofibrate treatment (3.1% versus 14.6%, P  =  0.004). The 
Action to Control Cardiovascular Risk in Diabetes (ACCORD) trial subsequently 
evaluated ocular-specific outcomes in participants randomized within a 2x2 facto-
rial design to simvastatin in combination with either fenofibrate or placebo [136]. At 
4 years, DR worsening was significantly less frequent in the fenofibrate group (6.5% 
versus 10.2%, adjusted OR, 0.60, 95% CI, 0.42–0.86, P  =  0.0056). The DRCR 
Retina Network is currently conducting a phase 3 trial of fenofibrate versus placebo 
for prevention of DR worsening in eyes with mild to moderately severe NPDR.

Plasma Kallikrein Inhibitors (PKI)

Preclinical data has demonstrated that plasma kallikrein contributes to DME devel-
opment through both VEGF-dependent and -independent mechanisms [137, 138]. 
Although there are several PKI in development, KVD001 is the furthest one along. 
A phase 2 clinical trial compared two doses of intravitreal KVD001 (6 μg and 3 μg) 
with sham injections in patients with ci-DME [139]. There were no significant dif-
ferences between VA gains in the treatment groups vs sham. However, the group 
treated with KVD001 6  μg had less vision loss than that given sham injections 
(32.5% vs. 54.5%, p = 0.042) at 16 weeks. Larger clinical trials are needed to defini-
tively establish efficacy or lack thereof for the indication of DME.

Ang-Tie2 Targeting Drugs

The Tie2 signaling pathway is specific to vascular endothelial cells. Tie2 signaling 
is responsible for the maintenance of vascular health, promoting endothelial cell 
survival and stability. Angiopoietin 1 (Ang1) is a Tie2 agonist, while Ang2 is pre-
dominantly a Tie2 inhibitor. Under conditions of hypoxia and hyperglycemia, Ang2 
is upregulated and in turn potentiates the action of VEGF [140–142]. The inhibition 
of Tie2 receptors by Ang2 disrupts its pro-vascular stabilizing effects, in turn result-
ing in increased vascular permeability and disruption of vascular structure [143, 144].

There have been many drugs targeting this signaling pathway but the only one 
currently in phase 3 clinical trials for DME is faricimab. Faricimab is a bispecific 
antibody that binds to both VEGF and Ang2. Recent results from the phase 2 
BOULEVARD trial demonstrated that the 6.0 mg faricimab dose demonstrated a 
statistically significant gain of vision compared to ranibizumab 0.3 mg (+3.6 letters, 
p = 0.03) at 24 weeks [145]. In addition, an observation period from week 24 to 
week 36 showed that eyes treated with faricimab had a longer time to re-treatment 
compared to ranibizumab. Phase 3 results from the YOSEMITE and RHINE studies 
were recently reported as showing non-inferior visual outcomes of intravitreal far-
icimab to aflibercept treatment after 1 year of treatment. Extended dosing with treat-
ment intervals of 16 weeks were achieved by over 50% of study participants treated 
with Faricimab [146].
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 Photobiomodulation

Photobiomodulation (PBM), or irradiation by light in the far-red (FR) to near- 
infrared (NIR) light spectrum (630–900 nm), has recently been explored for the 
treatment of DME. In the retina of diabetic mice PBM inhibited the generation of 
superoxide and decreased the expression of iNOS and MnSOD [147, 148]. In addi-
tion, PBM decreased vascular leakage and capillary degeneration [149]. Preliminary 
human studies enrolling 4 to 10 patients with DME were consistent with a favorable 
anatomic response with improvement in edema in PBM-treated eyes and an accept-
able safety profile [150, 151]. However, the DRCR Retina Network Protocol AE, a 
phase 2 randomized trial did not find any clinical benefit from PBM versus placebo 
in the eyes of patients with ciDME and vision of 20/25 or better.

 Conclusions/Summary

Appropriate management of DR and diabetic eye disease requires a thorough 
knowledge of both diabetes mellitus and the findings from key multicentered, ran-
domized clinical trials, such as the DRS, ETDRS, DRVS, DCCT, UKPDS, and the 
recent trials by the DRCR Retina Network. Accurate diagnosis of DR severity level 
is essential to determine appropriate care and follow-up schedules and to assess the 
need for timely laser photocoagulation for PDR and DME. Since DR usually causes 
no symptoms when it is most amenable to treatment, strategies to reduce the risk of 
vision loss must stress the need for regular eye examination, even in patients with 
no ocular complaints [152]. (Table 15.4) Currently, patients with type 1 diabetes ten 
years of age and older are encouraged to have a comprehensive, dilated retinal eye 
examination within three to five years of diagnosis, and at least annually thereafter. 
Patients with type 2 diabetes are encouraged to have a comprehensive, dilated eye 
examination at the time of diagnosis, and at least annually thereafter. Patients con-
templating pregnancy should have their eyes examined prior to conception when-
ever possible and pregnant women should have their eyes examined early in the first 
trimester and each trimester thereafter. In all cases, abnormal findings may require 

Table 15.4 Suggested frequency of eye examination

Type of 
Diabetes Recommended first Examination

Routine Minimal 
Follow-Up

Type 1 DM Older than 10 years: 3–5 years after onset of 
diabetes or at puberty

Yearly

Type 2 M Upon diagnosis of diabetes Yearly
During 
pregnancy

• Prior to conception for counseling
• Early in first trimester

• Each trimester
• More frequently as 
indicated
• 1–2 months 
post-partum

M. Ashraf et al.



495

accelerated examination schedules, and the presence of concurrent medical condi-
tions, such as hypertension and renal disease, may also require more frequent ocular 
examination and should be aggressively controlled in conjunction with the patient’s 
internist or diabetologist.

Our understanding of DR has expanded dramatically in the past 30  years. 
Treatment modalities that can substantially reduce visual loss have been developed 
and extensively validated; however, these therapies are not yet ideal and active 
research is continuing into methods of curing or preventing DR. Until these mile-
stones are reached, current strategies must continue to address the critical need for 
regular eye examination, optimal systemic control and prompt, appropriate laser 
photocoagulation, intravitreal anti-VEGF therapy, and/or vitrectomy when 
indicated.

ADA Guidelines [116, 152]
 1. Patients >10 years of age with type 1diabetes should have an initial dilated and 

comprehensive eye examination by an ophthalmologist or optometrist within 
3–5 years after the onset of diabetes. In general, screening for diabetic eye dis-
ease is not necessary before 10 years of age. Patients with type 2 diabetes should 
have an initial dilated and comprehensive eye examination by an ophthalmolo-
gist or optometrist shortly after the diagnosis of diabetes is made.

 2. Subsequent examinations for both type 1 and type 2 diabetic patients should be 
repeated annually by an ophthalmologist or optometrist who is knowledgeable 
and experienced in diagnosing the presence of diabetic retinopathy and is aware 
of its management. Examinations will be required more frequently if retinopathy 
is progressing.

 3. When planning pregnancy, women with preexisting diabetes should have a com-
prehensive eye examination and should be counseled on the risk of development 
and/or progression of diabetic retinopathy. Women with diabetes who become 
pregnant should have a comprehensive eye examination in the first trimester and 
close follow-up throughout pregnancy. This guideline does not apply to women 
who develop gestational diabetes because such individuals are not at increased 
risk for diabetic retinopathy.

 4. Patients with any level of macular edema, severe NPDR, or any PDR require 
the prompt care of an ophthalmologist who is knowledgeable and experi-
enced in the management and treatment of diabetic retinopathy. Referral to 
an ophthalmologist should not be delayed until PDR has developed in patients 
who are known to have severe non-proliferative or more advanced retinopa-
thy. Early referral to an ophthalmologist is particularly important for patients 
with type 2 diabetes and severe NPDR, since laser treatment at this stage is 
associated with a 50% reduction in the risk of severe visual loss and 
vitrectomy.

 5. Patients who experience vision loss from diabetes should be encouraged to pur-
sue visual rehabilitation with an ophthalmologist or optometrist who is trained 
or experienced in low-vision care.
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Chapter 16
Microcirculation of the Diabetic Foot

Ying Zhang, Ikram Mezghani, and Aristidis Veves

 Introduction

Diabetic foot problems are major contributors to health care costs and hospitaliza-
tions. A complete understanding of how the disease process works is essential in 
learning how to best prevent and treat these complications. Foot ulceration affects 
6% of diabetic patients per year and can lead to lower extremity amputation, a major 
risk for death [1, 2], and is one of the costliest complications of diabetes [3]. DFU 
is more prominent in middle-age male patients but it also affects a large number of 
the older patients and, as the morbidity improves in the diabetic population, mainly 
due to reduction in cardiovascular disease, the percentage of the affected older pop-
ulation is increasing [4, 5].

Abnormalities of the microcirculation are generally accepted as early changes in 
diabetes [6–12]. Eventual manifestations of altered microcirculation, such as retinopa-
thy, nephropathy, and neuropathy, are related to the duration and severity of diabetes 
[13–15]. Intensive glycemic control was found in the Diabetes Control and 
Complications Trial (DCCT) to significantly delay the development and progression 

Y. Zhang
The Rongxiang Xu, MD, Center for Regenerative Therapeutics and the Joslin-Beth Israel Deaconess 
Foot Center, Beth Israel Deaconess Medical Center, Harvard Medical School, Boston, MA, USA

Department of Endocrinology, The Third People’s Hospital of Shenzhen, The Second 
Affiliated Hospital of Southern University of Science and Technology, Shenzhen, China 

I. Mezghani 
The Rongxiang Xu, MD, Center for Regenerative Therapeutics and the Joslin-Beth Israel Deaconess 
Foot Center, Beth Israel Deaconess Medical Center, Harvard Medical School, Boston, MA, USA

Penn State University College of Medicine, Hershey, PA, USA

A. Veves (*) 
The Rongxiang Xu, MD, Center for Regenerative Therapeutics and the Joslin-Beth Israel Deaconess 
Foot Center, Beth Israel Deaconess Medical Center, Harvard Medical School, Boston, MA, USA
e-mail: aveves@bidmc.harvard.edu

© The Author(s), under exclusive license to Springer Nature 
Switzerland AG 2023
M. Johnstone, A. Veves (eds.), Diabetes and Cardiovascular Disease, 
Contemporary Cardiology, https://doi.org/10.1007/978-3-031-13177-6_16

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-13177-6_16&domain=pdf
mailto:aveves@bidmc.harvard.edu
https://doi.org/10.1007/978-3-031-13177-6_16


506

of these microvascular complications in type 1 diabetic patients, with similar results 
reported in type 2 diabetic patients in the United Kingdom Prospective Diabetes Study 
(UKPDS) [15–18]. The capillary microcirculation to foot skin is no exception and has 
shown signs of significant impairment in diabetic patients, especially when metabolic 
control is poor [19]. This chapter will focus on the changes that occur in the microcir-
culation of the diabetic foot and the different methods used for their evaluation.

 Anatomy of Skin Morphology and Microcirculation

The morphological structure of the skin consists of two layers: the outer epidermis 
layer and the inner dermis layer. The epidermis layer contains keratin, has no blood 
supply, and is fed by the dermal papilla layer. The dermis is composed of papillary 
and reticular layers of collagen and elastic fibers. It consists of a network of micro-
circulation that provides nutrients to tissues and removes waste [20]_ENREF_20. 
The skin microcirculation consists of nutrient capillary blood flow and body tem-
perature regulatory arteriovenous shunt. It is organized into two horizontal plex-
uses: the superior–inferior papillary plexus, and the inferior cutaneous plexus. The 
entire vascular network of the skin varies greatly from one area to another. It is 
estimated that in the normal foot, a large amount of the total cutaneous blood flow 
circulates through the arteriovenous shunt, while the remaining blood passes 
through the further vegetative capillary bed [20]. The nutrient capillaries are orga-
nized into successful energy units, and each dermal nipple is supplied by a capillary 
ring [21]. Since the exchange of nutrients and metabolites between blood and tis-
sues occurs at the capillary level, the integrity of the capillary circulation has a sig-
nificant impact on the health of the entire skin.

 Regulation of Skin Blood Flow

Skin blood flow (SBF) regulation plays an important role in ensuring a consistent 
blood supply to the various cells and tissues. A balanced blood flow in the skin’s 
microcirculatory system maintains nutrient supply, removes biological and cellular 
waste products, plays a role in regulating blood pressure and thermoregulation, and 
is involved with effective wound healing [22]. Local SBF is regulated by the sym-
pathetic nervous system, which controls the vasoconstriction and vasodilation of the 
blood vessels by the central neural reflex, the nerve axon reflex, and the local sym-
pathetic venoarteriolar axon reflex.

The arteriovenous anatomic structure has thick walls and low resistance, which 
enables the blood to flow directly from the arterioles to the venules at a high speed. 
In glabrous skin, which is skin that does not contain hair follicles and is mainly 
found at the palm of the hands and plantar aspect of the feet, there is a large amount 
of arteriovenous anatomy heavily innervated by sympathetic vasoconstrictor. In 
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contrast, there is little to no arteriovenous anastomoses in non-glabrous skin that is 
innervated by sympathetic vasoconstrictors [23].

Thermoregulation in the glabrous skin is achieved by numerous arteriovenous 
anastomoses, which allow direct communication between arterioles and venous 
plexuses and cause the diversion of large amounts of blood from the skin capillaries, 
resulting in heat loss and bypassing nutrients from the capillaries [24]. As discussed 
later, this can be harmful in the contexts of diabetic skin nutrition [25].

 The Concept of “Small Vessel Disease”

For the purpose of clarity in discussing microcirculation, the concept of “small vessel 
disease” should be defined. Early retrospective pathological studies in diabetic patients 
who underwent amputation led to the misconception of occlusive lesions in the foot 
medium and/or small arteries, the so-called “small vessel disease” [26]. It was hypoth-
esized that occlusive “small vessel disease” occurs even in the absence of any lower 
extremity macrovascular occlusive disease and contributes to impaired DFU healing 
[26]. This concept originated from the histological existence of periodic acid-Schiff-
positive material occluding the medium-sized or small-sized arteries in amputated 
limb specimens [26]. However, subsequent studies demonstrated the absence of such 
occlusive lesions in medium or small-sized arteries [27–29]. It should be emphasized 
that the term “small vessel disease” initially referred to medium or small-sized arteries 
and not to the microcirculation, which is composed of arterioles, capillaries, and 
venules. Therefore, the lack of any occlusive lesions in medium or small foot arteries 
does not imply that there are no abnormalities in the foot microcirculation.

 Structural Changes of the Foot Microcirculation

Metabolic alterations in diabetes cause both structural and functional changes in 
multiple areas within the arteriolar and capillary systems [30, 31]. The most charac-
teristic structural changes of the capillary circulation in diabetic patients are a 
reduction in the capillary size and thickening of the basement membrane [32, 33]. 
Skin capillary density in diabetics, on the other hand, does not differ from that of 
healthy subjects [34]. These changes in capillary size and basement membrane 
thickness are more pronounced in the legs. This phenomenon is most likely due to 
the higher hydrostatic pressure in the lower extremities, especially in diabetic 
patients with poorly controlled blood sugar levels [35].

It is believed that increased hydrostatic pressure and shear force in the microcir-
culation evoke an injury response in the microvascular endothelium. This injury 
may result in an increased elaboration of the extravascular matrix proteins leading 
to capillary basement membrane thickening and arteriolar hyalinosis [36, 37]. 
Thickened membranes impair the migration of leukocytes and hamper the 
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hyperemic response to injury, increasing the susceptibility of the diabetic foot to 
infection [29, 30, 38, 39]. These structural modifications also decrease the elastic 
properties of the capillary vessel walls, limiting their capacity for vasodilatation, 
and may eventually result in a significant loss of the autoregulatory capacity [40]. It 
is of interest that these changes do not result in narrowing or occlusion of the capil-
lary lumen; on the contrary, some investigators initially reported that the arteriolar 
blood flow may be normal or even increased [41]. Nonetheless, more recent studies 
reported reduced capillary density, reduced lumen area due to remodeling, and 
increased arteriolar occlusion in the presence of critical limb ischemia [42]. 
However, it is doubtful whether these changes have any pathophysiological conse-
quences in the lower extremity skin capillary blood flow [21, 43].

 Functional Changes of the Microcirculation

In addition to the structural changes wrought by diabetes on the microcirculation, 
techniques that allow the measurement of skin blood flow have highlighted func-
tional disturbances as well. Using these techniques, researchers have observed that 
diabetic patients have reduced maximal hyperemic response to heat, even in the 
early stages of the disease [37, 44]. The idea that impaired capillary microcircula-
tion could be a major contributing factor in the development of diabetic foot pathol-
ogy has encouraged more in-depth research in this direction [29, 38]. Further 
development of new techniques to evaluate the microcirculation to peripheral tis-
sues has expanded the understanding of these functional changes and their role in 
altering the microvascular blood flow. Before discussing the changes in vascular 
reactivity, it would be of particular importance to review the different techniques 
currently used for evaluating the microcirculation.

 Methods of Evaluating the Microcirculation of the Feet

 Measurements of Capillary Blood Flow Using Laser Doppler Flowmetry

Currently, this method is the most widely accepted technique for evaluating blood 
flow in the skin microcirculation. Basically, it measures the capillary flux, which is 
a combination of velocity and the number of moving red cells. This is achieved by 
employing red laser light that is transmitted to the skin through a fiber-optic cable. 
The frequency shift of light backscattered from the moving red cells beneath the 
probe tip is computed to give a measure of the superficial microvascular perfu-
sion [39].

Laser Doppler flowmetry (LDF) employs a single-point laser probe, consisting 
of a transmitting and a receiving optical fiber, and can provide continuous measure-
ments of flux that can detect fast changes. However, the variability is quite high as 
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Fig. 16.1 Laser Doppler flowmetry: Measurements of direct and indirect effect of vasoactive sub-
stance using single-point laser probes: One probe is used in direct contact with the iontophoresis 
solution chamber (colored ring) and measures the direct response. The center probe measures the 
indirect response (nerve axon-related effect). A small quantity (<1 ml) of 1% acetylcholine chlo-
ride solution or 1% SNP solution is placed in the iontophoresis. A constant current of 200 mA is 
applied for 60 s achieving a dose of 6 mC/cm−2 between the iontophoresis chamber and a second 
non-active electrode placed 10–15 cm proximal to the chamber (black strap around the wrist). This 
current causes a movement of solution to be iontophoresed toward the skin

it is affected by non-uniform skin blood flow and movement artifacts. In our unit, 
LDF is used mainly for evaluating the hyperemic response to a heat stimulus, or for 
evaluating the nerve axon-related hyperemic response. To assess heat-related hyper-
emic response, the baseline blood flow measurements are made first. The skin is 
then heated to 44 °C for 20 min using a small brass heater, following which the 
maximum blood flow is measured to evaluate the magnitude of change from base-
line. To measure nerve axon-related hyperemic response, two single-point laser 
probes are applied (Fig. 16.1). One probe measures the blood flow to an area of skin, 
which is exposed directly to acetylcholine (Ach). The second probe, placed in close 
proximity (5 mm), measures the indirect effect of applied Ach. This indirect effect 
results from stimulation of C-nociceptive nerve fibers in the area and reflects the 
integrity of the nerve axon-related reactive hyperemia.

In contrast, Laser Doppler Imaging (LDI) scans large skin areas, which consider-
ably reduces variability but fails to detect rapid flux changes [45]. Our unit employs 
this technique to evaluate the endothelium-dependent microvascular reactivity, 
which evaluates the magnitude of change in blood flow in response to Ach admitted 
to the skin through the iontophoresis technique and the endothelium-independent 
microvascular reactivity, which evaluates the magnitude of change in blood flow in 
response to sodium nitroprusside (SNP).

The iontophoresis technique is used to apply these vasoactive substances to a 
localized area of the skin. In this technique, a delivery vehicle device is attached 
firmly to the skin with double-sided adhesive tape. The device contains two 
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chambers that accommodate two single-point laser probes. A small quantity of less 
than 1 ml of 1% Ach solution or 1% of SNP solution is placed in the iontophoresis 
chamber and a constant current of 200 mA is applied for 60 s, achieving a dose of 
6 mC/cm−2 between the iontophoresis chamber and a second non-active electrode 
placed 10–15 cm proximal to the chamber. This current causes a movement of solu-
tion to be iontophoresed toward the skin, resulting in vasodilatation.

After the adhesive device has been removed, the localized area exposed to either 
of the vasoactive substances is scanned. The laser Doppler perfusion imager sequen-
tially scans an area of skin and produces a color-coded image of skin erythrocyte 
flux on a computer monitor (Fig. 16.2). This technique is best suited for studying the 

Laser Source

Laser Beam

Fig. 16.2 Laser Doppler imaging: A laser beam is emitted from the laser source to sequentially 
scan a chosen skin area. We employ the scanner to evaluate the area in which hyperemia is pro-
duced by the iontophoresed vasoactive substance on the volar surface of the forearm
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relative changes in flow induced by a variety of physiological maneuvers or phar-
maceutical intervention procedures.

Laser Speckle Contrast Imaging (LSCI) is often employed as an alternative to 
LDI. LSCI is based on the quantification of the speckle pattern, which represents 
dynamic changes in backscattered light as a result of interaction with red blood 
cells. Its main advantage is that it combines the spatial variability of LDI with the 
good temporal variability of LDF [46]. However, when the iontophoresis technique 
is used, maximal vasodilation lasts for several minutes and as a result, temporal 
variability is not a major problem.

 Measurements of Transcutaneous Oxygen Tension (TcPO2)

The technique of measuring oxygen tension transcutaneously is based on the fact 
that oxygen is capable of diffusing through tissue and skin. Although the rate of dif-
fusion is very low at normal surface body temperature, the application of heat to a 
localized area sufficiently enhances the flow of oxygen through the dermis to allow 
non-invasive measurement of capillary oxygen level. The measurements are affected 
by the affinity of blood for oxygen and the tissue properties, as well as the change 
in skin temperature. These factors may influence, to some extent, the accuracy of 
these measurements.

 Capillaroscopy

This is one of the most sensitive and accurate methods of assessing skin microcir-
culation at the micro-level by visualizing the density, morphology, and blood flow 
in capillaries using real-time video technology in vivo. With good spatial resolution, 
it can be directed to a single capillary and allows the measurement of the capillary’s 
structure and blood flow. Furthermore, a particular capillary area can be measured 
for its diameter, length, and density. However, it has measuring limitations when 
applied to the nail bed and other peripheral skin areas, it can only measure the nutri-
ent capillaries, it needs high image quality to give effective measurements, and it is 
relatively complex and time consuming [47].

 Measurements and Quantifying Tissue Oxygenation Using 
Hyperspectral Imaging

Hyperspectral imaging (HSI) is based on optical spectroscopy. Since the absorption 
spectra of many tissue chromophores are known, the characteristics of tissues can 
be measured according to the content of tissue chromophores [48–50]. This mea-
sures the dermal blood volume and oxygen saturation. Deoxyhemoglobin has an 
absorption peak near 554 nm, while oxyhemoglobin has two absorption peaks near 
542 nm and 578 nm [51]. Based on these differences, spectral measurements can be 
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employed to evaluate local oxygen saturation in tissues. HSI has shown early prom-
ise and may be important in monitoring the healing and development of DFUs and 
in predicting ulcer risk [52, 53]. However, conflicting results have also been 
obtained, possibly due to the technique measuring oxygenation in total skin blood 
flow [50]. Nonetheless, given its non-invasive nature and easy to use, this is one of 
the most promising new techniques and further standardization and improvement 
have the potential to be widely adopted in clinical practice [54].

 Photoacoustic Imaging

Photoacoustic Imaging (PAI), also known as optoacoustic imaging, is an imaging 
technique based on optically induced ultrasound imaging of tissue. When tissue is 
illuminated by a short laser pulse, typically between 5 and 100 ns, locally absorbed 
light generates a temperature rise. As this occurs within a very short period of time, 
the local mechanical stress generates a thermoelastic effect, which leads to the 
emission of sound waves [55, 56]. These sound waves can be detected as ultrasonic 
waves, and they can be used in conjunction with reconstruction algorithms to visu-
alize where light absorption occurs. Because the light absorption coefficients of 
different tissue types depending on the wavelength of the laser used, an appropri-
ately selected wavelength can be used to target a specific type of tissue, such as 
oxyhemoglobin or deoxyhemoglobin, melanin, or water. For example, by measur-
ing ultrasonic responses to light pulses of different wavelengths, it is possible to 
locate blood vessels with high oxygen hemoglobin or high deoxyhemoglobin levels 
and to distinguish between arteries and veins.

 Changes in Vascular Reactivity

The classic description of the diabetic neuropathic foot as warm and red with 
palpable pulses and distended veins points to a possibility of increased blood 
flow in the affected limb. Studies to explore this presentation found that the blood 
flow in the nutritional skin microcirculation is stable or even reduced, indicating 
a functional ischemia of the skin microcirculation and maldistribution of blood 
flow to the foot [19, 57]. It was also suggested that both structural and functional 
changes in the skin microcirculation result in a significant shifting of the blood 
flow away from nutritional capillaries to subpapillary arteriovenous shunts of a 
much lower resistance. As these shunts are innervated by sympathetic nerves, 
coexisting autonomic neuropathy and sympathetic denervation, which occur in 
diabetic patients with severe neuropathy, may lead to an opening of these shunts, 
augmentation of the maldistribution of blood between the nutritional capillaries 
and subpapillary vessels, and consequent aggravation of microvascular ischemia 
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[58, 59]. Studies using venous occlusion plethysmography, Doppler sonography 
and venous oxygen tension measurements support this concept [60]. These dis-
turbances in nutritive microcirculation may be of importance in the development 
of diabetic foot complications and may help explain why the diabetic foot is 
more susceptible to the effect of pressure and has an impaired ulcer healing 
process.

 Functional Changes

Measuring capillary blood flow by laser Doppler flowmetry has enabled the evalua-
tion of endothelial function in diabetic limbs more precisely. Early application of 
this technique showed a reduced hyperemic response to heat stimulus and pointed 
to the role of endothelial dysfunction as the cause of the impaired vascular reactivity 
at microcirculatory level [44, 58]. Such dysfunction was shown to occur early in the 
course of diabetes and may even predict diabetic micro- and macrovascular compli-
cations [61, 62]. Endothelial dysfunction was also reported in patients with impaired 
glucose tolerance and in relatives of type 2 diabetic patients [63].

To evaluate the relation between changes in microcirculation and neuropathy 
in the presence or absence of peripheral vascular disease, the skin microcircula-
tion of foot was thoroughly investigated using both single-point laser imaging and 
laser scanning techniques in five groups [43]. The first group included diabetic 
patients with neuropathy (DN), the second group included diabetic patients with 
both neuropathy and peripheral vascular disease (DI), the third group included 
diabetic patients with Charcot arthropathy (DA), the fourth group included dia-
betic patients without complications (DC), and the fifth group included healthy 
control subjects (C). As shown in Fig. 16.3a, the percentage of increase in blood 
flow over baseline in response to heating the skin to 44 °C was reduced in the 
diabetic neuropathic and ischemic patients (DN, DI), whereas no difference 
existed among the remaining three groups. On the other hand, the endothelium-
dependent vasodilatation (response to iontophoresis of Ach) was reduced in dia-
betic patients with neuropathy, vascular disease, and arthropathy. The 
endothelium-independent vasodilatation (response to iontophoresis of SNP) was 
more severely reduced in the ischemic- neuropathic patients compared with other 
groups and was reduced in the neuropathic groups with or without Charcot dis-
ease compared to the controls (Fig. 16.3b). These findings pointed to the close 
association between diabetic neuropathy and microcirculatory impairment in the 
form of reduced endothelium-dependent and endothelium-independent vasodila-
tion at the foot level even in the absence of large vessel peripheral vascular dis-
ease. They also implied that the presence of neuropathy may be an important 
contributing factor as the coexistence of neuropathy and peripheral vascular dis-
ease did not result in a greater decrease in endothelium- dependent vasodilation 
than that due to neuropathy alone.
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Fig. 16.3 (a) The maximal hyperemic response to heating of foot skin at 44 °C for at least 20 min 
(expressed as the percentage of increase over baseline flow measured by a single-point laser probe) 
is reduced in the diabetic with neuropathy (DN) and in diabetic patients with neuropathy and 
peripheral vascular disease (DI) when compared with diabetic patients with Charcot arthropathy 
(DA), diabetic patients without complications (DC), and normal control subjects (C) (p < 0.001). 
(b) The response to iontophoresis of acetylcholine and SNP (expressed as the percentage of 
increase over baseline flow measured by laser scanner). The response to acetylcholine is equally 
reduced in the DN, DI, and DA groups when compared with the DC and C groups (p < 0.001). The 
response to SNP was more pronounced in the DI group and also reduced in the DN and DA groups 
compared with the DC and C groups (p < 0.001)
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 The Role of the Nerve Axon Reflex in Vasodilation

In healthy subjects, the ability to increase blood flow depends on the existence of 
normal neurogenic vascular response. The normal neurovascular response is con-
ducted through the C-nociceptive nerve fibers. Stimulation of these nerve fibers 
leads to antidromic stimulation of adjacent C-fibers, which secrete substance P, cal-
citonin gene-related peptide (CGRP), and histamine, causing vasodilatation and 
increased blood flow to the injured tissues, thereby promoting wound healing; 
Lewis’ triple flare response (Fig. 16.4). In cases of diabetic neuropathy, this neuro-
vascular response is impaired, leading to a significant reduction of blood flow under 
conditions of stress, such as injury or infection, and increasing the vulnerability of 
the neuropathic limb to severe diabetic foot problems [64, 65].

Evidence that diabetic neuropathy contributes to vasodilatory impairment is pro-
vided by studies in our lab that used the previously described single-point laser 
probe technique to evaluate the nerve axon-related vasodilatory response. We found 
that the indirect response to iontophoresis of Ach was significantly reduced in dia-
betic patients with neuropathy, diabetic patients with neuropathy and peripheral 
vascular disease, and diabetic patients with Charcot arthropathy, when compared 
with healthy subjects or diabetic patients without complications [66, 67] (Fig. 16.5). 
Further evidence is provided by a study designed to evaluate the role of the 

Fig. 16.4 Stimulation of the C-nociceptive nerve fibers leads to antidromic stimulation of the 
adjacent C fibers, which secrete substance P, CGRP, and histamine that cause vasodilatation and 
increased blood flow
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Fig. 16.5 The response of blood flow (expressed as the percentage of increase over baseline flow 
measured by a single-point laser probe) in a skin area adjacent to, but not in direct contact with, the 
iontophoresis solution. During the iontophoresis of deionized water, a mild response is observed in 
all groups. In contrast, during iontophoresis of acetylcholine (Ach), the response is reduced in 
diabetic patients with neuropathy (DN), diabetic patients with neuropathy and peripheral vascular 
disease (DI), and diabetic patients with Charcot arthropathy (DA), when compared diabetic 
patients without complications (DC) and normal control subjects (C) (p  <  0.001). A similar 
response is observed during iontophoresis of SNP, but is less than half when compared with the 
response achieved with Ach

C-nociceptive nerve fibers in nerve axon reflex-related vasodilation. In this study, 
nerve axon reflex-related vasodilation was measured in three groups: diabetic neu-
ropathic, diabetic non-neuropathic, and healthy control. Measurements were first 
taken on the forearm and the foot of each subject. Then, after blocking the 
C-nociceptive nerve fibers with dermal anesthesia, measurements were repeated. A 
clear reduction in nerve axon reflex-related vasodilation occurred in all three groups 
on the forearm but only in the two non-neuropathic groups on the foot, indicating 
that C-nociceptive fiber function is the main factor that influences nerve axon reflex- 
related vasodilation [68] (Fig. 16.6).

The contribution of the nerve axon reflex-related vasodilatation response to the 
total endothelium-dependent and endothelium-independent vasodilation was also 
studied in a group of diabetic patients versus a control group at both forearm and 
foot level [69]. The nerve axon-related response in healthy subjects was found to be 
35% of the total response at the forearm level and 29% at the foot level (Fig. 16.7). 
In contrast the response to SNP, a substance that does not specifically excite the 
C-nociceptive fibers was 13% and 12%, respectively, indicating that the presence of 

Y. Zhang et al.



517

0
50

100
150
200
250
300
350
400
450
500

T forearm         N-V forearm

%
 c

ha
ng

e 
of

 c
ap

ill
ar

y 
bl

oo
d 

flo
w

 o
ve

r 
ba

se
iln

e 

T foot                     N-V foot

*
*

0
50

100
150
200
250
300
350
400
450
500

T forearm         N-V forearm T foot                     N-V foot

*
*

%
 c

ha
ng

e 
of

 c
ap

ill
ar

y 
b

lo
od

 f
lo

w
 o

ve
r 

b
as

el
in

e

0
50

100
150
200

250
300
350
400
450
500

T forearm                 N-V forearm    T foot                      N-V foot

Pre
Post

*

%
 c

h
an

g
e 

o
f 

ca
p

ill
ar

y 
b

lo
o

d
 f

lo
w

 o
ve

r 
b

as
el

in
e

a

b

c

Fig. 16.6 Total and nerve axon reflex-related vasodilatory response to acetylcholine before (black 
columns) and after (white columns) the application of local anesthesia in healthy subjects (a), non- 
neuropathic diabetic patients (b), and diabetic neuropathic patients (c)

a non-specific galvanic response may also be implicated (Fig. 16.8). In the presence 
of neuropathy, the response significantly reduced at a level of only 8% of the total 
response. These findings indicate that although the neurovascular response is an 
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Fig. 16.7 The total and the nerve axon-related vasodilatation in the upper extremities in response 
to acetylcholine (Ach), SNP and deionized water (H2O) in a group of diabetic patients versus a 
control group of healthy subjects. The contribution of nerve axon-related response to the total 
response to Ach is 35% in diabetic patients and 31% in control group (p > 0.05) and the contribu-
tion of nerve axon-related response to the total response to SNP is 13% in diabetic patients and 
11% in control group (p > 0.05)

important factor in skin microcirculation function, it is not the sole or dominant 
pathway through which vasodilation is achieved [64].

The abnormality in nerve axon-related vascular reactivity is believed to further 
aggravate the abnormalities in the microcirculation and contribute to a vicious cycle 
of injury [51]. It becomes apparent that involvement of C-nociceptive fibers in dia-
betes not only leads to impaired pain perception but also to impaired vasodilation 
under condition of stress, such as injury or inflammation.

 Differences Between Forearm and Foot Microcirculation

As mentioned previously, erect posture may lead to differences in the microcircula-
tion at the foot level when compared to other parts of the body that are closer to the 
heart and therefore have a reduced hydrostatic pressure. In order to test this hypoth-
esis, we have examined the differences in the foot and forearm skin microcirculation 

Y. Zhang et al.



519

Response to Ach

90
4

578

118

411

153
8%

29% 36%

0

400

800

1200

Total % 

DN DM Controls

Response to SNP

89
10

234

27

234

48 8% 12% 9%

0

400

800

1200

Total N-VN-V

N-V N-V

% 

DN DM Controls

  Response to H2O (Ach mode) Response to  H2O (SNP mode)

8 0

238

2333 12
11% 13%

18%

0

400

800

1200

Total % 

DN DM Controls

4 028 1125 3

35%
41%

0%
0

400

800

1200

Tota  

DN DM Controls

l %

Fig. 16.8 The total and the nerve axon-related vasodilatation in the lower extremities in response 
to acetylcholine (Ach), SNP and deionized water (H2O) in a group of diabetic patients with (DN) 
or without (DM) neuropathy versus a control group of healthy subjects. The contribution of nerve 
axon-related response to the total response to Ach is 8% in DN, 29% in DM, and 36% in the control 
group (p < 0.001 between DN versus DM and controls) and the contribution of nerve axon-related 
response to the total response to SNP is 8% in DN, 12% in DM, and 9% in the control group 
(p > 0.05 between DN versus DM and controls)

in diabetic patients with or without neuropathy and healthy subjects [66] [54]. No 
differences were found in the maximal hyperemic response between forearm and 
foot level, although the response in the neuropathic group was significantly lower at 
both levels in comparison to the diabetic non-neuropathic and the healthy control 
subjects (Fig.  16.9). The endothelium-dependent and endothelium- independent 
vasodilatation was significantly lower at the foot level when compared to the forearm 
level in both healthy controls and in diabetic patients with or without neuropathy 
(Fig. 16.10). In addition, the neuropathic group showed a significantly lower response 
at both forearm and foot levels when compared to the non- neuropathic and control 
groups. Evaluation of the nerve axon-mediated vasodilatation response also revealed 
a significantly lower response at the foot level versus the forearm level in the three 
groups (Fig. 16.11). These results indicate that the microcirculation at the foot level 
is compromised even in healthy subjects when compared to the forearm level. The 
presence of diabetes may further compromise the microcirculation to a level that cre-
ates a hypoxic environment and allows the development of neuropathic changes. 
These factors may also explain why neuropathy initially occurs in the lower extremi-
ties of diabetic patients [58, 59].
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Fig. 16.10 The response 
to iontophoresis of 
acetylcholine (a) and SNP 
(b) (expressed as the 
percentage of increase over 
baseline flow measured by 
laser scanner) at forearm 
versus foot level in diabetic 
patients with or without 
neuropathy and in healthy 
control subjects. The 
response at the foot level is 
significantly lower than 
that of the forearm in all 
groups (p < 0.01). The 
response in neuropathic 
group is significantly lower 
compared with the other 
two groups at both forearm 
and foot level (p < 0.05)
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Fig. 16.9 The hyperemic response to heat stimulus (expressed as the percentage of increase over 
baseline flow measured by single-point laser probe) at forearm versus foot level in diabetic patients 
with or without neuropathy and in healthy control subjects. No difference was observed between 
the forearm and foot in any of the three groups. The response in neuropathic group is significantly 
lower compared with the other two groups at both forearm and foot level (p < 0.001)
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Fig. 16.11 The axon reflex-mediated vasodilatation related to the C-nociceptive fibers (expressed 
as the percentage of increase over baseline flow measured by two single-point laser probe) at fore-
arm versus foot level in diabetic patients with or without neuropathy and in healthy control sub-
jects. The response to acetylcholine, which directly stimulates the C fibers, is lowest in the 
neuropathic group, but is also reduced in non-neuropathic group (p < 0.001), while no differences 
are found at the forearm level. A much smaller response is observed during the iontophoresis of 
SNP (non-specific stimulus) at both foot and forearm level and is smaller in all three groups

 Microvascular Changes in Diabetic Foot 
with Charcot Arthropathy

The diagnosis of Charcot neuroarthropathy is made when gross destruction of the 
joints of the mid-foot results in significant foot deformity. The skin temperature of 
Charcot feet is usually higher due to increased blood flow in arteriovenous shunts. 
Although the endothelial-dependent and endothelial-independent vasodilatation is 
impaired in Charcot patients, the maximal hyperemic response to heat is preserved 
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[43] (Fig. 16.4). These findings indicate that the hyperemic response in Charcot 
disease is present but is probably unregulated and results in excessive bone resorp-
tion. The final results of these changes are complete joint destruction and gross 
deformity of the foot shape. These findings are consistent with clinical observations 
that the development of Charcot neuroarthropathy is extremely rare in the presence 
of peripheral vascular disease. Poor blood flow to the extremity would prevent much 
of a hyperemic response, protecting the foot from bone resorption and deformation, 
though certainly contributing to other microcirculatory derangement.

 Conclusions

Microcirculation to the diabetic foot suffers multiple significant structural and func-
tional changes. Nerve axon-related microvascular reactivity is clearly impaired in 
the diabetic population. There is a growing belief that both the failure of the dys-
functional vessels to dilate and the impairment of the nerve axon reflex are major 
causes for impaired wound healing in diabetic patients. Further studies are required 
to clarify the precise etiology of observed endothelial dysfunction in diabetic 
patients and to identify the possible potential therapeutic interventions to prevent it 
or to retard its progression. Studies are also required to examine the vascular changes 
in the peripheral nerves, rather than in the skin.
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Chapter 17
Diabetic Nephropathy

Jennifer Kelly and Richard Solomon

 Introduction

The prevalence of diabetes around the world is expected to reach 642 million people 
by 2040. About 40% of people with diabetes will develop chronic kidney disease 
(CKD), including a significant number who will develop end-stage kidney disease 
(ESKD) [1]. In contrast with the major developments in cardiovascular therapeu-
tics, an entire generation has gone by with no new treatments to effectively stem the 
rising tide of kidney failure in people with diabetes [2]. The terms diabetic nephrop-
athy (DN) and diabetic kidney disease (DKD) are often used interchangeably. DN 
is the classic term used for disease caused by hyperglycemia affecting the glomeru-
lus, while DKD can be thought of as a more generic and widely encompassing term 
that includes disease outside of the glomerulus [3]. DKD is undoubtedly a world-
wide medical catastrophe, with features of high prevalence, multifactorial patho-
genesis, and lack of effective strategies in the treatment and management [4]. People 
with diabetes frequently die or become disabled due to micro- and macrovascular 
complications of the disease. Persistent microalbuminuria is an early sign of DKD 
as well as a prognostic marker for cardiovascular morbidity and mortality.

Much of our initial understanding about the progression of DKD comes from 
studying people with type 1 diabetes. However, once proteinuria develops in a per-
son with diabetes, the course and progression of kidney disease are similar in both 
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types [5]. Recent advancements in pathophysiology have led to a better understand-
ing of the linkage between proteinuria, cardiovascular disease and DN.  This 
improved knowledge helps to formulate a multidisciplinary cardio-reno-protective 
approach. Specific treatment of patients with diabetic nephropathy can be divided 
into four major areas: cardiovascular risk reduction, glycemic control, BP control, 
and inhibition of the renin–angiotensin–aldosterone system (RAAS). Newer classes 
of medications used to treat Type 2 Diabetes (T2D) have been shown to also lower 
both cardiac and renal complications [6]. A major advance over the past three years 
has been the identification of impressive renoprotective actions with some of the 
newer glucose-lowering agents. In this chapter, we will discuss the key factors 
involved in the pathophysiology of diabetic kidney disease and new developments 
in its management.

 Pathogenesis

Diabetes is associated with a variety of microvascular and macrovascular complica-
tions. Kidney disease is a microvascular complication occurring in up to 40% of all 
patients with diabetes [7]. Diabetes is the leading cause of chronic kidney and dia-
betes is present in approximately 40% of patients reaching end-stage kidney dis-
ease. Despite the prevalence of this condition, therapies to mitigate kidney function 
loss are limited and will be reviewed below. A necessary precursor for future thera-
peutic interventions is an understanding of the pathogenesis of diabetic kidney dis-
ease (DKD).

First, it is well accepted that the development of DKD involves the interplay of 
many factors, some related to control of glycemia and some related to genetic dis-
position. This is why only 40% of patients with diabetes develop DKD despite a 
wide spectrum of glycemic control and why despite excellent glycemic control, 
some patient will nevertheless progress to end-stage kidney disease.

The relationship to glycemic control has been documented in seminal clinical 
trials of glycemic control in both Type 1 and Type 2 diabetes [8, 9]. It follows from 
these therapeutic trials that hyperglycemia must play a key permissive if not caus-
ative role. A number of pathways impacted by hyperglycemia have been suggested 
as mediating this relationship, including activation of the tubuloglomerular feed-
back (TGF) within the kidney resulting in upregulation of the renin–angiotensin–
aldosterone system (RAAS), increases in advanced glycation end-products (AGE) 
interacting with the receptor for AGEs (RAGE), upregulation of inflammatory path-
ways, metabolic disturbances within mitochondria contributing to ischemia, and 
alterations in the coagulation system. Given the multiplicity of pathways contribut-
ing to DKD, it is accepted that a multitargeted approach to prevention of DKD is 
necessary, i.e., one size does not fit all. However, despite this compelling evidence, 
not all patients with diabetes develop DKD.  It is in this domain that the role of 
genetic factors comes into play. A number of candidate gene polymorphism have 
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Fig. 17.1 Pathophysiology of diabetic kidney disease

been identified as associated with DKD, including polymorphisms involving the 
ACE enzyme and nitric oxide synthase (vide infra).

These pathophysiologic pathways (Fig. 17.1) must account for both the gross 
and microscopic histologic characteristics of DKD that include: enlarged kidney 
size, large glomeruli, glomerular basement membrane thickening, increased mesan-
gial expansion with non-cellular material, and interstitial fibrosis. These pathologic 
characteristics in turn are related to the functional abnormalities that allow for clini-
cal diagnosis of DKD: hyperfiltration, albuminuria, proteinuria, and progressive 
decline in glomerular filtration rate. In this review, we will attempt to make the 
connection among hyperglycemia, pathologic changes in the kidney, and clinical 
markers of kidney disease.

 Tubuloglomerular Feedback [10, 11]

The kidney is able to control delivery of solute (sodium and chloride primarily) to 
the distal part of the nephron where the kidney “fine tunes” reabsorption to maintain 
salt and water homeostasis. A critical mechanism in this ability is tubuloglomerular 
feedback (TGF) in which the amount of sodium and chloride delivered to the mac-
ula densa (MD) at the beginning of the distal tubule is a determinant of the rate of 
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glomerular filtration in that same nephron. When an increase in delivery occurs, the 
cells of the MD release adenosine to constrict the afferent arteriole entering the 
glomerulus resulting in a decrease in glomerular hydrostatic pressure and GFR 
within that glomerulus. This reduces the solute delivery to the MD. When delivery 
is reduced, the afferent arteriole dilates and efferent arteriole constricts (a result of 
generation of angiotensin II), increasing glomerular hydrostatic pressure and GFR 
within that glomerulus. In the setting of hyperglycemia, more glucose is filtered by 
the glomerulus. This stimulates active uptake of sodium through the sodium–glu-
cose cotransporters (SGLT1 and SGLT2) located on the luminal side of the proxi-
mal tubule. Chloride follows passively resulting in a decrease in the delivery of 
sodium and chloride to the MD. This activates TGF resulting in an increase afferent 
arteriole vasodilation, efferent vasoconstriction, rise in glomerular hydrostatic pres-
sure, and an increase in GFR. On the whole kidney scale, this results in hyperfiltra-
tion (usually GFR >140 mL/min), mediated by a whole kidney rise in glomerular 
pressure (so-called glomerular hypertension). Hyperfiltration is thus an early marker 
of the effect of hyperglycemia on the kidney. It occurs in both Type 1 and Type 2 
diabetes although because Type 2 diabetes is diagnosed much later in the course of 
the disease, it is often missed in that population. The sustained increase in capillary 
pressure within the glomerulus contributes to remodeling of these vessels with 
thickening of the basement membrane, expansion of the size of the capillary net-
work, and glomerulomegaly.

 Advanced Glycation End-Products (AGE) [12]

Perhaps one of the most studied of metabolic mechanisms in diabetes is the accu-
mulation of AGEs. We use glycosylated hemoglobin to diagnose and follow the 
course of diabetes but many other proteins also bind glucose altering their metabo-
lism. Structural proteins such a collagen and fibronectin become more resistant to 
degradation in the glycosylated state. This finding may account for the accumula-
tion of structural proteins within the mesangium of the kidney and the basement 
membrane of the glomerulus that are characteristics of DKD.

 AGE–RAGE Interaction [13]

The receptor for AGE (RAGE) is widely expressed and helps to clear AGEs from 
the body. All cells of the kidney express RAGE. The activation of the receptor stim-
ulates a number of downstream pathways involving inflammation, fibrosis, and oxi-
dative stress. The AGE–RAGE axis may play a direct role in promoting albuminuria. 
Activation of the AGE–RAGE axis results in an increase in heparinase by podocytes 
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within the glomerulus. This degrades the heparin sulfate which lines both sides of 
the glomerular basement membrane providing a negative charge barrier that restricts 
the movement of albumin (negatively charged) across the glomerular barrier. With 
loss of this negative charge barrier, albumin is able to cross from the capillary into 
the urinary space of Bowman’s capsule and be excreted in the urine. Activation of 
the AGE–RAGE axis also stimulates the production of NF-kB in the kidney, a piv-
otal proinflammatory pathway, and profibrotic pathway involving TGF-B, fibronec-
tin, and collagen (review). These pathways contribute to the increased production of 
matrix proteins that accumulate in the mesangium. AGE–RAGE also results in 
increase in NAPDH and nitric oxide synthase resulting in an increase in reactive 
oxygen species. This contributes to alteration in cell function leading to apoptosis. 
In particular, endothelial cell dysfunction occurs resulting in increased production 
of endothelin-1 which causes vasoconstriction (favoring hypertension) and pro-
motes podocyte injury, inflammation, and fibrosis. These adverse effects on the 
endothelium are further magnified by hyperinsulinemia which increases ROS pro-
duction and proinflammatory signaling mechanisms.

 Mitochondrial Dysfunction [14]

Central to many of the signaling mechanisms that are activated in diabetes, dysfunc-
tion of the mitochondria plays a key role. Hyperglycemia disrupts the electron chain 
leading to increase ROS production and apoptosis. The mitochondrial dysfunction 
shifts metabolism away from aerobic to anaerobic pathways including the polyol 
pathway and the hexose monophosphate shunt pathway. Both pathways have been 
implicated in the development of DKD. Hyperglycemia downregulates AMPK, a 
kinase important for mitochondrial homeosis. Restoration of the function of that 
kinase is under clinical study for reducing progression of DKD.

 Genetic Predisposition [15, 16]

A number of genome-wide association studies (GWAS) have identified insertion/
deletion in the ACE gene and a gene for a structural protein (FRMD3) involved in 
maintaining cell shape in various nephron cells. It has been suggested that this latter 
protein works in conjunction with bone morphogenetic protein (BMP) which is 
vital for kidney development and repair from injury. The ACE insertion/deletion 
results in increased activity of the RAAS. Aldosterone activity is associated with 
increased fibrosis, oxidative stress, nephrosclerosis, and increase in collagen syn-
thesis and deposition.
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 Nephropathy Staging (Fig. 17.2 and Table 17.1)

As noted above, the earliest functional change in DKD is hyperfiltration which can 
be present within weeks of development of hyperglycemia and can be sustained for 
many years. During this early stage, intermittent microalbuminuria may appear. 
Sustained microalbuminuria usually develops when GFR has started to fall but may 
still be in the normal range. By the time microalbuminuria becomes overt 
proteinuria, GFR has generally fallen further into the chronic kidney disease range 
(eGFR <60 mL/min). GFR loss progresses over the next years toward end-stage 

Hyperfiltration

Normal GFR

Chronic Renal Insufficiency

End-stage Renal Disease = Dialysis/Tx

Overt Proteinuria

Microalbuminuria

Days Weeks Months Years 10 15 20

Normoalbuminuria

Fig. 17.2 Natural history of diabetic kidney disease (DKD). Top panel: Glomerular filtration rate; 
bottom panel: microalbuminuria and proteinuria

Table 17.1 Staging of diabetic nephropathy based upon anatomic and functional markers

Anatomic Functional

Stage 1 Glomerular basement membrane 
thickening

0–5 years, hyperfiltration or normal GFR, no 
albuminuria, increased kidney size (20%)

Stage 2 Mild–severe mesangial expansion Normal GFR, intermittent albuminuria
Stage 3 Nodular sclerosis 5–10 years, with or without hypertension, 

microalbuminuria (30–300 mg/day)
Stage 4 Advanced glomerulosclerosis 

with vascular lesions
Irreversible proteinuria, sustained hypertension, 
eGFR <60 mL/min/1.73 m2

Stage 5 End-stage sclerosis End-stage kidney disease with eGFR  
<15 mL/min/1.73 m2
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kidney disease. If left untreated and accompanied by uncontrolled hypertension, 
rates of progression can be as high as 12 mL/min/year. With glycemic and blood 
pressure control, rates may fall to 3 mL/min/year. Elimination of proteinuria may 
actually stop progression in some patients.

 Treatment to Prevent or Delay Progression of DKD

DKD typically develops after diabetes duration of 10 years in type 1 diabetes but 
may be present at the diagnosis of type 2 diabetes. DKD can progress to ESKD 
requiring dialysis or kidney transplantation and is the leading cause of ESKD in the 
US [17]. A number of key modifiable promoters of DKD have been identified. 
These include glycemic control, blood pressure, proteinuria, anemia, smoking, and 
dyslipidemia. Therapy targeted against these promoters for both primary and sec-
ondary prevention delays the progression of DKD.  Assessing for progression to 
ESKD is difficult in studies due to its rare occurrence in people with more mild or 
moderate disease over a short period of time. As a result, composite outcomes 
including surrogate markers, such as doubling of serum creatinine or (more recently) 
40% reductions in eGFR, have been accepted as appropriate outcomes that define 
the effects of interventions on long-term kidney risk [18]. We will review studies 
and individual aspects on the effects of optimizing different promoters and param-
eters along with their impact on preventing the progression of DKD.

 Glycemic Control

Prevention of diabetic complications, particularly DKD, by long-term intensive gly-
cemic control from early in the course of diabetes is well established for T1DM and 
T2DM. However, intensive glucose control after onset of complications or in long-
standing diabetes has not been shown to reduce risk of DKD progression or improve 
overall clinical outcomes [19]. Hence, early intervention is best. Patients with dia-
betes mellitus (DM) usually have other risk factors for cardiovascular disease, such 
as hypertension and hyperlipidemia. Nonetheless, the higher rates of cardiovascular 
morbidity and mortality that are seen in patients with diabetic nephropathy cannot 
be explained solely by the presence of these traditional risk factors, and CKD has 
been shown to be an independent risk factor for cardiovascular disease [20]. The 
American Diabetes Association (ADA) recommends that treatment goals for hyper-
glycemia should be individualized based on diabetes duration, life expectancy, 
comorbidities, risk for hypoglycemia, and patient preferences and target an HbA1c 
of 7% or lower in most patients [21]. Intensive glycemic control with the goal of 
achieving near-normoglycemia has been shown in large prospective randomized 
studies to delay the onset and progression of albuminuria and reduced eGFR in 
patients with type 1 and type 2 diabetes [17].
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Insulin alone was used to lower blood glucose in the Diabetes Control and 
Complications Trial (DCCT)/Epidemiology of Diabetes Interventions and 
Complications (EDIC) study of type 1 diabetes, while a variety of agents were used 
in clinical trials of type 2 diabetes, supporting the conclusion that glycemic control 
itself helps prevent CKD and its progression [17]. The largest and longest trial per-
formed in patients with type 2 diabetes, the landmark United Kingdom Prospective 
Diabetes Study (UKPDS), established that the incidence of microvascular compli-
cations including nephropathy decreased by 25% in patients with improved glyce-
mic control [22]. This study involved the use of combinations of metformin, 
sulfonylureas, and insulin for treatment. Multiple studies involving the efficacy of 
improved glycemic control on long-term complications have since been performed 
with varying results.

The Action to Control Cardiovascular Risk in Diabetes Study Group (ACCORD) 
evaluated over 10,000 patients with type 2 diabetes, mean age of 62.2 years, and a 
median A1c level of 8.1%. Compared with standard therapy, the use of intensive 
therapy in this study to target normal A1c levels for 3.5 years increased mortality 
and did not significantly reduce major cardiovascular events, thus identifying a pre-
viously unrecognized harm of intensive glucose lowering in high-risk patients with 
type 2 diabetes [23]. A post-hoc analysis of the long-term ACCORD study 
(ACCORDION) investigated the impact of intensive BP control, antidiabetic ther-
apy, and fenofibrate on renal and mortality outcomes. Intensive glycemic control 
reduced the risk of the composite kidney end points, mainly driven by a reduction 
in incident macroalbuminuria, but randomization to intensive BP control or fenofi-
brate resulted in an increased risk of the composite kidney outcome, driven entirely 
by creatinine doubling in both the BP control and fibrate use [18]. In contrast, both 
intensive BP therapy and fenofibrate were associated with a significantly higher 
incidence of serum creatinine doubling [20]. This analysis highlighted the imper-
fections of some of our valued outcome measures.

A large, prospective observational study indicated that intensive glycemic con-
trol played an important role in preventing deterioration of diabetic nephropathy. 
The Action in Diabetes and Vascular Disease: Preterax and Diamicron Modified 
Release Controlled Evaluation (ADVANCE) trial showed that intensive glucose 
control can reduce development of microalbuminuria and macroalbuminuria [14]. 
Further analyses from the ADVANCE trial found a > 50% reduction in ESKD in the 
group randomized to intensive glycemic control that persisted out to 10 years [1]. 
The ADVANCE-ON study followed a total of 8494 of the ADVANCE participants 
for an additional median of 5.4 years. Data from the ADVANCE-ON trial suggest 
that intensive glycemic control (hemoglobin A1c <6.5%) was associated with a 
long-term reduction in ESKD, without increased risk of cardiovascular events or 
death, particularly in those with preserved kidney function and well-controlled 
blood pressure [24]. The ACCORDION study reported similar long-term composite 
kidney effects overall but found no separate benefit for either doubling of serum 
creatinine or incident dialysis [18]. Another trial measuring the effect of tight glyce-
mic control on kidney outcomes was the Veterans Affairs Diabetes Trial (VADT) 
which randomized 1791 veterans with mean duration of type 2 diabetes of 11.5 years, 
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mean HbA1c of 9.4%, and serum creatinine <1.6  mg/dL to intensive (achieved 
mean HgA1c of 6.9%) versus standard (achieved mean HgA1c of 8.4%) glucose 
control [25]. After 5.6 years of follow-up, the intensive control group had a signifi-
cantly lower rate of progression to micro- and macroalbuminuria and any increase 
in albuminuria, but no difference was noted between the groups in terms of decline 
in GFR, rate of major cardiovascular events, death or other microvascular complica-
tions [26].

The ADVANCE, ACCORD, and the VADT studies targeted intensive glycemic 
control with the results being decidedly mixed, with either no benefits on cardiovas-
cular effects ranging to cardiovascular risk in the intensive group and no kidney 
benefit, with the exception of one trial showing a reduction in albuminuria but no 
benefit on the preservation of kidney function [6]. The three trials established 
increased risk for hypoglycemic events related to intensive glycemic control. These 
trials also revealed that tighter glycemic control prevents microvascular but not 
macrovascular complications, unlike UKPDS. These results solidify the importance 
of improving glycemic control overall to prevent complications but not causing 
hypoglycemia during the process, thereby avoiding immediate dangers. Individual 
classes of medications used to treat type 2 diabetes will now be reviewed with 
respect to their efficacy in preventing progression of DKD.

 Metformin

It is now commonly accepted that metformin is an important therapeutic option as 
first-line therapy for type 2 diabetes worldwide [27]. Long-term safety and efficacy 
of metformin have been well established. Metformin is a biguanide that lowers glu-
cose levels by decreasing gluconeogenesis and improving insulin sensitivity at the 
tissue level. The UKPDS demonstrated that metformin is associated with a reduced 
risk of micro- and macrovascular complications in patients with type 2 diabetes. 
The U.S. Food and Drug Administration (FDA) revised its guidance for the use of 
metformin in CKD in 2016, recommending use of eGFR instead of serum creatinine 
to guide treatment and expanding the pool of patients with kidney disease for whom 
metformin is being considered [17]. By doing so, the renal function exclusionary 
criteria that was previously present on the use of metformin has been loosened over 
the past several years. The revised FDA guidance states that metformin is contrain-
dicated in patients with a GFR < 30 mL/min/1.73 m2; eGFR should be monitored 
while taking metformin and the benefits and risks of continuing treatment should be 
reassessed when eGFR falls <45 mL/min/1.73 m2; metformin should not be initi-
ated for patients with an eGFR of <45 mL/min/1.73 m2; and metformin should be 
temporarily discontinued at the time of or before iodinated contrast imaging proce-
dures in patients with eGFR 30–60 mL/min/1.73 m2 [17].

A series of experimental studies revealed that metformin exerts renoprotective 
effects via multiple mechanisms [27]. The use of metformin is not recommended in 
patients with advanced renal impairment as it may increase the risk of lactic 
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acidosis. Recently, a retrospective cohort study including 10,426 T2D patients with 
CKD stage 3 (eGFR 30–45 mL/min/1.73 m2) demonstrated that long-term metfor-
min use was associated with 35% (hazard ratio (HR) 0.65; 95% confidence interval 
(CI) (0.57–0.73) and 33% (HR 0.67, 95% CI 0.58–0.77) risk reductions in all-cause 
mortality and progression to ESKD, respectively (median follow-up period: 
7.3 ± 4.8 years) [27]. Despite some positive data, further research is required to 
elucidate the full range of metformin’s effects, as the current results are contradic-
tory [28].

 Sulfonylureas

These medications lower glucose by stimulating insulin secretion from the beta- 
cells of the pancreas via the blockage of the ATP-sensitive K+ channels. Medications 
in this class include glyburide, glimepiride, and glipizide. While effective and typi-
cally inexpensive, hypoglycemia remains a major concern with the use of this class. 
The risk for hypoglycemia increases with diminished kidney function, limiting its 
use in this population. Despite the fact that these medications can lead to weight 
gain and higher insulin levels (issues raised as concerns in earlier studies as poten-
tially deleterious to CV health), the UKPDS demonstrated no increased risk for CV 
events or death with their use [22]. While some studies have reported a reduction in 
urine albumin excretion in patients with type 2 diabetes using sulfonylureas, further 
research is needed to explicate the mechanisms of a direct, if any, renoprotective 
effect of these medications [3, 28].

 Thiazolidinediones (TZDs)

The TZD class is used in the treatment of type 2 diabetes as an activator of peroxi-
dase proliferator-activated receptors (PPAR). Their mechanism of action targets 
insulin resistance, improving insulin action in muscle, adipose and hepatic tissue 
along with increasing free fatty acid metabolism. While efficacious in lowering 
A1c, the use of TZDs has been hindered by concerns over developing edema, weight 
gain, liver abnormalities, and potential cardiac issues. Overall, the available data 
suggest that TZDs can prevent renal dysfunction and attenuate albuminuria in 
patient with DM via inhibition of hyperinsulinemia, hyperglycemia, endothelial 
dysfunction, oxidative stress, and inflammation [28]. Some studies have revealed 
that rosiglitazone, a type of thiazolidinedione, reduced microalbuminuria indepen-
dent of the hyperglycemic state [14]. While not as commonly used nowadays, TZDs 
do remain a viable option in the appropriate patient.
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 Incretins

The incretins are peptide hormones secreted by the gut in response to food, which 
increase the secretion of insulin. The response of incretins is reduced in patients 
with type 2 diabetes and as such has been a useful mechanism of action to target in 
newer hyperglycemic agents. Circulating glucagon-like peptide-1 (GLP-1) stimu-
lates insulin secretion but is rapidly inactivated (<2 min), primarily by dipeptidyl 
peptidase-4 (DPP-4). These findings prompted two different strategies to extend and 
maintain incretin activity in type 2 diabetes: first the use of injectable GLP-1 recep-
tor agonists that are resistant to DPP-4 cleavage and provide supraphysiological 
concentrations of ligands to the GLP-1 receptor; and second, the use of oral DPP-4 
inhibitors, which prevent degradation of endogenously secreted GLP-1 and glucose- 
dependent insulinotropic polypeptide (also known as gastric inhibitory polypeptide, 
GIP), another incretin hormone [29]. These two classes will be further reviewed 
individually.

 Dipeptidyl Peptidase-4 (DPP-4) Inhibitors

As incretins are metabolized by DPP-4, inhibition of this enzyme increases the cir-
culation of incretins and improves glycemic control. There are several DPP-4 inhib-
itors currently available as oral medications for the treatment of type 2 diabetes that 
can be given at any GFR, some with dose reductions required. The currently avail-
able medications in this class include sitagliptin, linagliptin, vildagliptin, alogliptin, 
and saxagliptin, which have all been reported to decrease albuminuria in patients 
with type 2 diabetes [28]. The results vary between studies. A post-hoc analysis of 
217 patients with type 2 diabetes and micro- or macroalbuminuria on RAAS block-
ers collected from several phase 3 randomized, placebo-controlled clinical trials 
found that use of the DPP-4 inhibitor linagliptin for 24 weeks led to a 32% drop in 
albuminuria, independent of BP or HbA1c values [25]. Alternatively, the 
Cardiovascular and Renal Microvascular Outcome Study with Linagliptin in 
Patients with Type 2 Diabetes Mellitus, showed that in 6979 participants with 
T2DM and high CV and renal risk, linagliptin treatment for 2.2 years was noninfe-
rior for CV or renal outcomes compared with placebo across the spectrum of kidney 
disease [30]. In a pooled analysis of placebo-controlled trials, linagliptin reduced 
kidney disease events by 16%, driven by an 18% reduction in moderate albuminuria 
and a 14% reduction in severe albuminuria, with no effects on eGFR [29]. Data has 
shown that the dipeptidyl peptidase 4 inhibitors linagliptin and saxagliptin can 
reduce the amount of albuminuria, but the evidence is less clear than with a GLP-1 
receptor analog [31]. This other incretin class will be discussed in the next section.
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Throughout different studies, DPP-4 inhibitors have demonstrated CV safety but 
no CV or kidney benefit in people with established CVD [32]. As a class, they have 
a low side-effect profile and overall good tolerability. Unlike most antihyperglyce-
mic agents, the efficacy of DPP-4 inhibitors is similar regardless of kidney function. 
These agents are safe and well tolerated even in ESKD patients on dialysis; how-
ever, caution should be exercised when these inhibitors are combined with sulfonyl-
ureas or insulin in patients with moderate to severe kidney impairment to prevent 
hypoglycemia [33].

 Glucagon-Like Peptide-1 Receptor Agonists (GLP-1RAs)

GLP-1RAs are beneficial in improving glycemic control in patients with type 2 
diabetes and may also produce weight loss. Most medications in this class are given 
as injections either daily or weekly; there is also one oral form available. Recent 
clinical trials have demonstrated that GLP-1RAs have beneficial effects on renal 
outcomes, particularly in patients with T2D who are at high risk for CVD. These 
findings suggest that GLP-1RAs hold great promise in preventing the onset and 
progression of DKD [34]. The consistency of data across glucagon-like peptide-1 
receptor agonists suggests a class effect of protection from DKD. The mechanism 
of action may be multifactorial and include glycemic control, weight control, and 
direct effects on the kidney [19]. GLP-1RAs have been shown to prevent renal oxi-
dative stress by inhibiting nicotinamide adenine dinucleotide phosphate (NADPH) 
oxidase through the activation of PKA and the production of cyclic adenosine 
monophosphate (cAMP) [34].

The currently available medications in this class include liraglutide, exenatide, 
dulaglutide, lixisenatide, and semaglutide. A series of clinical trials and experimen-
tal studies support the beneficial effects of GLP-1RAs on DKD. Lessons from clini-
cal trials demonstrate these effects are mainly driven by reductions in albuminuria 
[34]. The Liraglutide Effect and Action in Diabetes: Evaluation of Cardiovascular 
Outcome Results (LEADER) study was one of the first major studies performed in 
this class and assessed the CV outcome of liraglutide compared to placebo. A total 
of 9340 participants with a high CV risk, who were  >  50  years of age, with 
HbA1c  >  7% who at baseline demographics had 20.7% of the patients with an 
eGFR of 30–59  mL/min/m2 and 2.4% had an eGFR of <30  mL/min/m2. Over a 
median follow-up of 3.8 years, liraglutide treatment resulted in less renal outcomes 
in comparison to placebo [HR 0.78 (95% CI: 0.67–0.92, p = 0.03)], this observation 
was largely driven by a reduction in new-onset macroalbuminuria in the liraglutide 
group in comparison to the placebo group [HR 0.74 (95% CI: 0.60–0.91, 
p = 0.004)] [34].

A recent meta-analysis, including the top 5 GLP-1 receptor agonists studies 
(ELIXA, LEADER, SUSTAIN-6, EXSCEL, and REWIND), showed that treatment 
with these drugs reduced all-cause mortality by 12% and composite renal outcome 
(the development of macroalbuminuria, decline in eGFR, progression to ESRD or 
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death attributable to renal causes) by 17%, mainly due to a reduction in urinary 
albumin excretion [35]. Although GLP-1 receptor agonists have unaltered pharma-
cokinetics in advanced kidney disease, their use should be carefully analyzed in this 
setting, due to the undesirable reduction in appetite and nausea [33]. The ongoing 
FLOW study is the first dedicated GLP-1RA renal outcome trial in people with 
T2D, with the aim to determine whether semaglutide reduces adverse renal events 
in people with T2D and impaired renal function [36]. Renal impairment in this 
study is defined as either an eGFR 50–75 mL/min/1.73 m2 and UACR 300–5000 mg/g 
or an eGFR 25–50 mL/min/1.73 m2 and UACR 100–5000 mg/g. An estimated 3160 
participants are to receive once-weekly subcutaneous semaglutide at a titrated dose 
for up to 5 years. The primary endpoint is the time to the first occurrence of a com-
posite primary outcome event, defined as a persistent eGFR decline (>50% from 
baseline), reaching ESKD, renal death, or CV death [34].

 Sodium–Glucose Cotransporter-2 (SGLT-2) Inhibitors

SGLT-2 inhibitors normalize plasma glucose levels by inhibiting glucose reuptake 
in renal proximal tubules, thus inducing glycosuria [28]. SGLT-2 inhibition not only 
lowers HbA1c by inhibiting tubular glucose intake but also leads to weight loss and 
a lowering of BP. Because the actions of SGLT-2 inhibitors require filtration through 
the glomerulus, its beneficial effects may be blunted at lower levels of GFR [25]. In 
contrast, BP lowering, albuminuria lowering effects, and impact on eGFR are pre-
served in patients with CKD. These data suggest that SGLT-2 inhibitors may have 
beneficial kidney effects, even in people with reduced kidney function, where gly-
cemic benefits are limited. Interestingly, a recent study suggested that canagliflozin 
slows the progression of kidney function decline independently of effects on glyce-
mia [37]. Overall, the findings from a recent meta-analysis strongly support the 
notion that SGLT2 inhibitors offer kidney protection to a broad range of patients 
with type 2 diabetes, including those with preserved and low eGFR, ostensibly inde-
pendent of any glucose-lowering effect (which will probably be minimal in patients 
with low eGFR) [2].

The evidence from completed trials and meta-analysis shows that SGLT2 inhibi-
tors can reduce the risk of dialysis, transplantation, or death due to kidney disease, 
with compelling evidence of benefits on a broad range of other clinically important 
kidney outcomes [38]. The currently available medications in this class include 
canagliflozin, dapagliflozin, empagliflozin, and ertugliflozin. The unique mecha-
nism of action of these drugs, slowing the progression of kidney function decline 
independently from glycemic control, raises the hypothesis that their impact could 
also translate into kidney outcomes in patients without diabetes [37]. Newer data 
has also shown an impressive reduction in heart failure outcomes with these medi-
cations in patients both with and without diabetes. Clinically, the SGLT2 inhibitor 
empagliflozin is associated with an improvement in cardiovascular outcomes, 
reduction of the rate of glomerular filtration rate decline, and reduced incidence of 
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AKI [39]. This is supported further by the findings of the recent Canagliflozin and 
Renal Events in Diabetes with Established Nephropathy Clinical Evaluation 
(CREDENCE) trial, which showed renal benefits of canagliflozin in patients with 
CKD, including with eGFR as low as 30 mL/min/1.73 m2. Importantly, renoprotec-
tion was achieved across all levels of baseline kidney function, down to an eGFR of 
30 mL/min/1.73 m2, with clear benefits seen even for the subgroup with baseline 
eGFR between 30 and 45 mL/min/1.73 m2, for whom these drugs are not currently 
approved for use in most countries. (S) Also, the CREDENCE trial showed that the 
SGLT2 inhibitor canagliflozin reduced the risk of kidney failure and cardiovascular 
outcomes in patients with type 2 diabetes and stages 2 or 3 chronic kidney disease 
who were already receiving an angiotensin-converting enzyme inhibitor or an 
angiotensin receptor blocker [40]. Currently, SGLT2 inhibitors are not recom-
mended in patients with an eGFR <45 mL/min/1.73 m2 but given the results of the 
EMPA-REG OUTCOME trial, such drugs may be used in this patient group in the 
future for potential end-organ protective effects [41].

Another important recent study, Dapagliflozin in Patients with Chronic Kidney 
Disease (DAPA-CKD), was stopped early due to overwhelming efficacy. This study 
showed in patients with CKD, whether or not diabetes was present, the risk of a 
composite of a sustained declined in the eGFR of at least 50%, ESKD or death from 
renal or CV causes was significantly lower with dapagliflozin than with placebo. 
(AB) Based on these results, the eGFR cutoff could potentially be reduced to 25 mL/
min/1.73 m2. As results are comparable in nondiabetic patients with CKD, they also 
may be recommended for SGLT2 inhibitor treatment [42]. The primary findings of 
DAPA-CKD showed an extraordinary reduction in risk for the primary outcome 
(≥50% decline in estimated glomerular filtration rate [eGFR], kidney failure, or 
death from kidney or cardiovascular causes) of 39% with the SGTL2 inhibitor dapa-
gliflozin, with similar reductions in participants with and without type 2 diabetes. In 
the overall study population, similar risk reductions were seen across all secondary 
outcomes, including all-cause mortality [40]. This study further verified the reno-
protective efficacy of these agents at lower levels of GFR.  In the EMPEROR 
(EMPagliflozin outcomE tRial in patients with chronic heaRt failure)-Reduced 
Trial, in addition to observed cardiovascular benefits, empagliflozin slowed the rate 
of decline in eGFR during double-blind treatment, and the risk of composite renal 
outcome was lower in the empagliflozin group than in the placebo group [43]. The 
data available to date further support that the benefits of SGLT2 inhibitors are 
cumulative with those of RAS blockade and these findings provide the strongest 
evidence yet that SGLT2 inhibition should be routinely offered to individuals with 
type 2 diabetes at risk for progressive kidney disease [38]. It will be important to 
determine if putative beneficial hemodynamic effects of SGLT2i lead to additional 
kidney or cardiovascular protection when combined with agents that target inflam-
mation, fibrosis, and oxygen metabolism [30]. A new ongoing study titled EMPA- 
KIDNEY should provide more information on the use of empagliflozin in kidney 
disease. This is a randomized double-blinded placebo-controlled trial of 
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empagliflozin versus matching placebo in 6000 people with chronic kidney disease, 
with or without diabetes. This study will continue for approximately 3–4 years and 
will assess if empagliflozin reduces the risk of kidney disease progression or cardio-
vascular death [NCT03594110].

 Advanced Kidney Disease

In advanced kidney disease, choices for treatments of type 2 diabetes are limited 
and insulin remains the mainstay of treatment. With any treatment used during 
CKD, careful monitoring and potential dose reduction are important. It should be 
emphasized that in the presence of kidney disease, as long as GFR is >30  mL/
min/1.73 m2, the use of SGLT2 inhibitors or GLP-1 receptor agonists is highly rec-
ommended for type 2 DM, since they have proven cardiorenal benefits. Metformin 
may be used in type 2 DM with GFR >30 mL/min/1.73 m2. Due to their excretion 
profile, it is possible to use drugs such as linagliptin, and glipizide in advanced 
stages of renal disease, although they should be used with caution. When a patient 
starts dialysis, insulin is the treatment of choice, with special vigilance for the need 
of dose-reduced titration based on the risks of hypoglycemia. In conclusion, a per-
sonalized and evidence-based approach is of utmost importance in treating the 
hyperglycemia of type 2 DM with advanced kidney disease, ensuring efficacy and 
safety for the patients [33].

 Hypertension

Hypertension is common among people with diabetes. The prevalence of hyperten-
sion increases with the duration of diabetes, presence of proteinuria, obesity, and 
renal insufficiency [44]. High prevalence of hypertension among patients with dia-
betes cannot be explained by being “essential,” a coincidence, or secondary to renal 
insufficiency. The exact mechanism remains unclear.

For management of hypertension, the Eighth Joint National Committee (JNC-8) 
recommended the initiation of pharmacologic treatment at a systolic BP > 140 mmHg 
or diastolic BP >90 mmHg [19]. In the general hypertensive population, including 
those with diabetes, initial antihypertensive treatment may include a thiazide-type 
diuretic, a calcium channel blocker, an angiotensin-converting enzyme inhibitor 
(ACEi), or an angiotensin receptor blocker (ARB). In black patients with diabetes, 
the JNC-8 recommends initial treatment with a thiazide diuretic or calcium channel 
blocker. The same BP targets are recommended for those with CKD regardless of 
diabetes status. In patients who have diabetes with high levels of albuminuria, the 
medication regimen should include an ACEi or ARB alone on in combination with 
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medication from another drug class. Per the recent American Diabetes Association 
guidelines, lower blood pressure targets (e.g., <130/80 mmHg) should be consid-
ered for patients based on individual anticipated benefits and risks, which includes 
patients with CKD who are at increased risk of CKD progression (particularly those 
with albuminuria) and CVD [11].

Managing blood pressure (BP) in patients with diabetes can be a difficult task for 
clinicians. Furthermore, the level of BP control is an important determinant of 
micro- and macrovascular complication among patients with diabetes.

Following the liberalized JNC-8 recommendations, target BP goals have been 
challenged by the results of the Systolic BP Intervention Trial (SPRINT) [19]. The 
SPRINT included 9361 nondiabetic participants with hypertension and high CV 
risk. Participants were randomized to either an intensive (<120 mmHg) or standard 
(<140 mmHg) systolic BP goal. The trial was terminated early after a median of 
3.26 years, because rates of the primary outcome (myocardial infarction, acute cor-
onary syndrome, stroke, heart failure, or death from CV causes) and all-cause mor-
tality were reduced by 25% and 27%, respectively, in the intensively treated group 
compared with the standard regimen group. The recent Kidney Disease: Improving 
Global Outcome (KDIGO) guidelines for patients with DKD suggest a target blood 
pressure of 140/90 mmHg or less for all diabetic patients and 130/80 mmHg or less 
for microalbuminuric patients with DM. Also, the use of an ACEi or ARB is recom-
mended for patients with DKD and urine albumin excretion of 30 mg per 24 h or 
more [14].

Historically and currently, the first line of treatment of hypertension should 
include agents that block the renin–angiotensin–aldosterone system (RAAS). These 
agents, including ACEis and ARBs, reduce cardiovascular risk, control BP, reduce 
albuminuria, and slow the progression of renal disease [45]. Non-dihydropyridine 
calcium channel blockers, such as diltiazem, have been shown to slow the rate of 
progression of DKD in experimental studies and small clinical trials. These effects 
are not seen with the dihydropyridine calcium channel blockers such as amlodipine 
which have variable effects on albumin excretion [3]. The ACCORD study random-
ized 4733 patients with type 2 diabetes for a mean duration of 11 years and hyper-
tension to tight versus standard systolic BP (mean achieved, 119 versus 134 mmHg) 
and followed them for an average of 5 years. Aggressive BP control significantly 
reduced the risk of developing microalbuminuria by 16% but not macroalbuminuria 
or kidney failure, defined as a serum creatinine >3.3  mg/dL, dialysis or kidney 
transplantation [25]. Intensive BP control was associated with a reduction in albu-
minuria but no reduction was seen in end-stage kidney disease. It is important to 
note that the ACCORD trial was not powered to detect renal events because the trial 
population was a more general cohort with DM rather than one selected for DKD [6].

The newer terminology used in the endocrine literature focuses on the word albu-
minuria rather than differentiating between macro and micro. Older terms are still 
referred to in this text to align with the previous literature. The next section will 
focus on the differentiation between the presence and absence of proteinuria in DKD.
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 Proteinuria

In clinical practice, it is well known that albuminuria provides early evidence of 
DKD in type 2 diabetes. Preventing transition to macroalbuminuria has been crucial 
as GFR declines at a rate of 5.3 to 5.7 mL/min/year once nephrotic syndrome pro-
teinuria develops [46]. DKD is usually a clinical diagnosis made based on the pres-
ence of albuminuria and/or reduced eGFR in the absence of signs or symptoms of 
other primary causes of kidney damage. The typical presentation of DKD is consid-
ered to include a long-standing duration of diabetes, retinopathy, albuminuria with-
out gross hematuria, and gradually progressive loss of eGFR [17]. Albuminuria 
results from an imbalance between glomerular filtration and tubular resorption of 
proteins [28]. This phenotype of diabetic kidney disease suggests that there is a dis-
sociation between renal function and level of albuminuria in patients with diabetes 
and highlights the need for broader understanding of renal function loss apart from 
those related to an increase in albuminuria [47]. CKD is diagnosed by measuring a 
reduced eGFR and/or elevated urine ACR on at least two occasions over 90 days [3]. 
Current guidelines from the ADA and the National Kidney Foundation recommend 
that patients with T2D be screened annually for albuminuria and eGFR, while 
patients known DKD should have their eGFR monitored more frequently, every 
6  months if eGFR is 45–60  mL/min/1.73  m2 and every 3  months if eGFR is 
30–44 mL/min/1.73 m2 [21].

Because of variabilities between measurements in urinary albumin excretion, 
two of three specimens of UACR collected within a 3- to 6-month period should be 
abnormal before considering a patient to have albuminuria. Exercise within 24 h, 
infection, fever, congestive heart failure, marked hyperglycemia, menstruation, and 
marked hypertension may elevate UACR independently of kidney damage [17]. 
Proteinuria has been considered to be the hallmark of diabetic kidney disease and to 
precede renal function loss. However, it has become clear that a substantial propor-
tion of patients either with type 1 diabetes or type 2 diabetes have renal function loss 
without proteinuria, known as non proteinuric diabetic kidney disease [47]. In step 
with the changing paradigm of the natural history of DKD, emerging evidence sug-
gests that the clinical presentation of DKD is altering [19]. We will now focus on the 
surfacing data available on the non-proteinuric presentation of DKD.

 Non-proteinuria

A comparison of DKD presentation in adults with diabetes during the time periods 
of 1988 and 1994 and between 2009 and 2014 shows that the prevalence of albu-
minuria as a manifestation of DKD decreased from 21% to 16%, that low eGFR 
(<60 mL/min/1.73 m2) increased from 9% to 14%, and that severely reduced eGFR 
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(<30 mL/min/1.73 m2) increased from 1% to 3% [19]. While there are data showing 
that patients with non-proteinuric diabetic kidney disease carry a lower risk of pro-
gression of kidney function loss, compared to those with proteinuric diabetes kid-
ney disease, around 20% of those with nonproteinuric diabetic kidney disease 
experienced progression to advanced CKD or ESKD in 10 years [47]. In the UKPDS 
study, of those participants who developed kidney impairment, 61% did not have 
preceding albuminuria and 39% never developed albuminuria during the study [4]. 
People who progress to advanced CKD and ESKD tend to have more severe inter-
stitial fibrosis and tubular atrophy, compared to those who did not progress, suggest-
ing that in the absence of proteinuria, tubular damage may play an important role in 
progression of CKD [47]. The realization of the potential absence of proteinuria in 
patients with diabetes at risk for DKD is vital to proper screening and management 
in terms of prevention and treatment.

 RAAS

The use of RAAS blockers as first-line BP-lowering agents in patients with DKD is 
based on high-quality randomized controlled trials throughout the range of type 2 
diabetes and DKD [25]. In humans, RAAS inhibition has proved to be the single 
most effective therapy for slowing the progression of DN; however, 3 randomized, 
placebo-controlled trials of 256–3326 patients with type 1 diabetes and normoalbu-
minuria (RASS, EUCLID, AND DIRECT) suggest that early therapy in type 1 dia-
betes is ineffective in preventing the development of microalbuminuria [31].

While the benefits of RAAS blockade for slowing kidney disease progression 
with or without diabetes are well established, these agents should be used alone and 
not in combination. Trials attempting dual RAAS blockade (ONTARGET, 
ALTITUDE) found increased rates of adverse events (i.e., hyperkalemia and acute 
kidney injury) [1]. Direct renin inhibition as add-on therapy to ACEi/ARB treat-
ment has been evaluated but eventually discouraged due to lack of effect on kidney- 
related outcomes and a higher rate of hyperkalemia [25]. It is recommended to not 
discontinue renin–angiotensin system blockade for minor increases in serum creati-
nine (<30%) in the absence of volume depletion. Also, the need for annual quantita-
tive assessment of albumin excretion after diagnosis of albuminuria, institution of 
ACEi or ARB therapy, and achievement of blood pressure control is a subject of 
debate [17].

 Mineralocorticoid Receptor (MR) Antagonists

There is a growing interest in the protective role of agents that block the RAAS 
cascade downstream [25]. Steroidal mineralocorticoid receptor (MR) antagonists 
such as spironolactone and eplerenone have a limited role to play as an adjunct 

J. Kelly and R. Solomon



545

therapy to ACEI/ARBs because of hyperkalemia and other adverse effects. It is 
thought that this is, in part, due to variations in cell-specific effects of steroidal MR 
antagonists and incomplete antagonism. Identification of nonsteroidal MR antago-
nists that have a predictable antagonistic response and more tolerable side effect 
profile are currently being evaluated.

In an attempt to more precisely target the mineralocorticoid receptor, potent min-
eralocorticoid receptor antagonists that might exhibit less potassium retention  – 
specifically nonsteroidal compounds such has finerenone – have been developed 
[29]. The dihydropyridine finerenone is a selective inhibitor and less often to cause 
hyperkalemia [48]. The recently published Finerenone in Reducing Kidney Failure 
and Disease Progression in Diabetic Kidney Disease (FIDELIO-DKD) trail was 
designed to test the hypothesis that finerenone slows CKD progression and reduces 
cardiovascular morbidity and mortality among patients with advanced CKD and 
type 2 diabetes [49]. This study showed that in patients with CKD and type 2 diabe-
tes, treatment with finerenone resulted in lower risks of CKD progression and car-
diovascular events than placebo [49]. The available evidence supports a 
pathophysiological role for overactivation of the mineralocorticoid receptor in car-
diorenal diseases, including CKD and diabetes, through inflammation and fibrosis 
that lead to progressive kidney and cardiovascular dysfunction. The apparent benefit 
with respect to CKD progression was less than that reported with canagliflozin in 
the recent CREDENCE trial, with one explanation for the different findings being 
the fact that SGLT2 inhibitors were allowed in the present trial, whereas patients 
treated with mineralocorticoid receptor antagonists were excluded from the 
CREDENCE trial [48].

Conventional therapy of DKD includes better hyperglycemic control, RAS 
blockers, and other managements such as lipid-lowering therapies [31]. In non- 
dialysis- dependent CKD, cardiovascular events are reduced by statins and ezeti-
mibe. The KDIGO along with the Association of British Clinical Diabetologists and 
Renal Association (ABCD-RA) guidelines recommend statins in non-dialysis- 
dependent CKD [3]. In patients on dialysis, there has been a failure to demonstrate 
similar benefits. Since diabetic kidney disease is associated with a high cardiovas-
cular event rate, statins are generally used in this population for their benefits as CV 
protective agents, despite no significant renal benefit of these medications has been 
seen in clinical trials [50]. KDIGO recommends a more comprehensive CKD stag-
ing that incorporates albuminuria at all stages of eGFR; this system is more closely 
associated with risk but is also more complex and does not translate directly to treat-
ment decisions [17].

 Endothelin Receptor Antagonists

Endothelin is a potent vasoconstrictor peptide derived from the endothelium, which 
can cause blood vessels to constrict. Endothelin receptor antagonists currently are 
used for the treatment of pulmonary hypertension. Other potential implications for 
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use are being explored. A recent development is the release of modestly positive 
results for the endothelin receptor antagonist atrasentan in the Study of Diabetic 
Nephropathy with AtRasentan (SONAR), in a selected group of patients designed to 
minimize the known side effect of fluid retention [50]. Although this study was 
stopped early for concern of futility, the study eventually showed a renal benefit of 
the same magnitude as in CREDENCE, but with no effect on major adverse cardio-
vascular events and a tendency toward increased heart failure, which also stopped 
another endothelin receptor antagonist, avosentan [51]. It is currently unknown 
whether this treatment approach will be developed further, and whether perhaps a 
combined treatment approach with SGLT2 inhibition, which promotes diuresis, 
may aid in potentially optimizing safety and even efficacy [50]. Beyond the cur-
rently approved glucose-lowering medications, MRAs and endothelin receptor 
antagonists appear to be the most likely to move into the clinic in the future for use 
as kidney protective therapies, although the mechanisms of hyperkalemia with 
MRAs and volume retention with endothelin receptor antagonists will need to be 
clearly understood to mitigate the risks of such side effects [30].

 Lifestyle Modifications

For all patients with diabetes, lifestyle modifications, including dietary restriction of 
sodium and protein, adequate exercise and weight reduction, and smoking cessa-
tion, are important to lower the risk of diabetic kidney disease and cardiovascular 
events [14]. Salt intake, obesity, and sedentary living have been linked to morbidity 
and mortality in multiple epidemiological studies. Dietary sodium restriction has 
been demonstrated to reduce blood pressure and albuminuria and enhances the 
effects of RAAS inhibition [1]. For people with non-dialysis-dependent CKD, 
dietary protein intake should be 0.8 g/kg body weight per day (the recommended 
daily allowance). Compared with higher levels of dietary protein intake, this level 
slowed GFR decline with evidence of a greater effect over time. Higher levels of 
dietary protein intake (>20% of daily calories from protein or >1.3 g/kg/day) have 
been associated with increased albuminuria, more rapid kidney function loss, and 
CVD mortality and therefore should be avoided [17].

Because the development of type 2 diabetes is strongly linked to dietary habits 
and excess adiposity, it is reasonable to consider strategies targeting these factors in 
the management of DKD. Whether bariatric surgery, the most effective and sus-
tained of the weight reduction strategies, is effective in treating DKD has recently 
been comprehensively reviewed [25]. In 2015, a narrative review on weight loss and 
DKD was published. It included 26 studies, 16 using bariatric surgery, 8 using life-
style modifications, and 2 using pharmacologic therapies, of individuals with obe-
sity, diabetes, and DKD. Similar to the reviews of weight loss and CKD, this review 
found that weight loss was associated with decreases in proteinuria and increases in 
GFR [52].
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 Conclusion

We are entering a new era in the management of patients with chronic kidney dis-
ease in the context of type 2 diabetes [29]. Having established a clear correlation 
between albuminuria reduction and declining eGFR in patients with type 2 diabetes 
receiving usual doses of angiotensin-converting enzyme inhibitors or angiotensin 
receptor blockers, many nephrologists and endocrinologists have spent a good part 
of the past 25 years hoping that other strategies that reduce albuminuria might simi-
larly attenuate eGFR decline [2]. Previously published data showed that intensive 
treatment of diabetes patients with mild to moderate CKD may lead to an improve-
ment in proteinuria but may worsen cardiovascular outcomes and even increase 
cardiovascular and all-cause mortality, but more recently newer agents like SGLT2 
inhibitors, have been shown to improve CV and renal outcomes. (J) While elucidat-
ing such clinically important mechanistic questions, major efforts are also needed to 
optimize the use of therapies with proven efficacy, including SGLT2i and GLP1- 
receptor agonists, in patients with T2D [30].

The GLP-1RAs and the SGLT2 inhibitors appear to be promising at this stage in 
terms of renal outcomes, with less promise being demonstrated for the DPP-4 inhib-
itors [41]. SGLT2 inhibitors and GLP-1RAs should be considered for patients with 
type 2 diabetes and CKD who require another drug added to metformin to attain 
target A1c or cannot use or tolerate metformin. SGLT2 inhibitors reduce risks of 
CKD progression, CVD events, and hypoglycemia, while GLP-1RAs are suggested 
because they reduce risks of CVD events and hypoglycemia and appear to possibly 
slow CKD progression [17]. The contemporary management of DKD offers some 
reasons for optimism, including the proven efficacy of RAAS blockers, the excite-
ment over SGLT2-inhibitors, and the possibility of novel therapies on the horizon, 
yet critical gaps remain in our understanding of DKD [25]. Identification of SGLT2 
inhibitors as a new therapy for DKD has a huge impact, however, is not sufficient to 
halt the progression of DKD. There is an urgent need to better understand the patho-
genesis of DKD and develop more drugs to treat these patients [31]. The ongoing 
FLOW study has the potential to have a major impact on improving our understand-
ing of how to better manage people with T2D and renal disease in addition to our 
current management which often focuses on cardiovascular measures [36]. Insights 
that have been obtained from recent CVOTs and DKD trials have direct implica-
tions for the treatment of patients in general practice, and in endocrine, cardiology, 
and nephrology specialty clinics. SGLT2i can, based on currently available data, be 
used safely with other agents that influence blood pressure and renal function [30].

It is likely that combination approaches addressing a range of hemodynamic and 
metabolic pathways will be needed to afford superior renoprotection in diabetes. 
With the recent identification of major sites of interaction between glucose- and 
blood pressure-dependent pathways in diabetic nephropathy, it is hoped that further 
new targets and ultimately novel drugs will be discovered which can block multiple 
pathogenic pathways [50]. After years of stagnation, we are now on the brink of a 
new paradigm in the prevention and treatment of kidney disease in people with type 
2 diabetes [2, 3].
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Chapter 18
Diabetes and Cerebrovascular Disease

Vasileios-Arsenios Lioutas  and Lina Palaiodimou

 Introduction

Stroke is the second leading cause of death and the leading cause of disability 
worldwide [1]. The last 30 years have seen a dramatic explosion of new effective 
therapies in acute stroke, including intravenous thrombolysis [2, 3] and mechanical 
thrombectomy [4]. Despite their marked effectiveness, these interventions are appli-
cable to a relatively small fraction of all strokes even in high-income countries [5–
7]. Their eligibility in low- and middle-income countries is limited which further 
reduces the overall impact on the burden of stroke at a population level. Besides 
clinically overt strokes, there is a widespread but less explored covert, subclinical, 
insidious cerebrovascular injury [8] which has an impact on cognitive function and 
contributes significantly to the burden of mild cognitive impairment and dementia; 
cerebral small vessel disease is at the heart of this association [9]. Thus, preventive 
strategies targeted at the root causes of vascular brain injury, stemming the damage 
at its genesis are particularly appealing: they are applicable to the entire population, 
they do not require extensive infrastructure, complex systems of care and rare 
expertise, and can be used in low-resource settings. Diabetes mellitus (DM) is one 
of the well-established, “conventional” modifiable stroke risk factors along with 
hypertension, dyslipidemia, physical inactivity, and smoking and merits special 
attention.
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In this chapter, we will review the epidemiologic evidence linking DM to stroke 
and vascular cognitive impairment, examine the effect of glycemic control on the 
long-term incidence of stroke and cognitive impairment, describe the specific 
parameters for cardiovascular risk factor control in diabetic patients, and briefly 
describe the pathophysiologic mechanisms of diabetic cerebral vascular injury. 
Lastly, we will discuss diabetes in the context of acute stroke: We will examine the 
effect of hypoglycemia on the outcome of acute stroke, including acute revascular-
ization therapy outcomes and describe the current status of clinical research on dia-
betes and hyperglycemia management in the acute stroke setting.

 Diabetes as a Risk Factor for Stroke and Cognitive 
Impairment, Pathophysiologic Mechanisms, 
and Preventive Strategies

 Epidemiologic Considerations: Insulin Resistance, Diabetes, 
and the Risk of Stroke

Relative long-term risk of stroke in patients with DM was reported as 2- to 2.5-fold 
in the Honolulu Heart Study with a primarily Japanese–American population, after 
adjusting for confounders [10, 11]. The association remains remarkably consistent 
across sociodemographically diverse cohorts such as the Northern Manhattan Study 
[12]. The effect is cumulative with a 3% increase in the risk of non-hemorrhagic 
stroke per year of DM duration [12]; on a population level, 8% of all ischemic 
strokes are attributable to DM [13]. The prevalence of DM among stroke patients is 
approximately 20% in various studies. Besides overt diabetes, impaired fasting glu-
cose is also independently associated with future stroke, even at levels below the 
diabetic threshold [14].

The impact of DM on stroke incidence is more pronounced in younger patients 
[15], among whom the relative risk is higher than in older age strata. Diabetic 
patients with stroke tend to be younger and with a higher prevalence of concurrent 
cardiovascular risk factors [16]. Although patients with type 2 DM constitute the 
overwhelming majority of diabetics with stroke [17], the relative risk of stroke is 
significantly higher for type 1 DM patients [17]. In a population-based study of 
young adults with type 1 DM in Sweden, the adjusted standardized incidence rate 
of premature stroke was 18-fold higher for men and 26-fold higher for women com-
pared to non-diabetics of similar age [18].

Although the end result of stroke is always brain tissue destruction from depriva-
tion of blood flow (ischemic stroke, Figure 18.1a) or local mechanical tissue disrup-
tion and toxic effect of expanding hematoma (hemorrhagic stroke, Figure 18.1b), 
stroke is a heterogeneous disease. A primary distinction is ischemic versus hemor-
rhagic stroke: Ischemic strokes are significantly more common, comprising ~85% 
of all strokes, while the rest 15% are hemorrhagic. DM primarily predisposes to 
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a b

Fig. 18.1 (a) Brain MRI with acute left frontal ischemic stroke. (b) Brain CT with acute left basal 
ganglia intracerebral hemorrhage

ischemic stroke and does not significantly increase the risk for hemorrhagic strokes 
[13, 19]. Ischemic strokes are, in turn, a heterogeneous group with diverse underly-
ing pathogenesis and pathophysiology [20], including cardioembolic infarcts, 
strokes from large artery atherosclerosis and small vessel, and “lacunar” strokes that 
are due to an intrinsic process known as lipohyalinosis. Observational and mende-
lian randomization studies have shown that DM primarily predisposes to the latter 
category of small penetrating small vessel infarcts [21–23] (Fig.  18.2), whereas 
other studies suggest that strokes due to large artery atherosclerosis might be equally 
frequent in some diabetic populations [17, 24, 25]. Thus, diabetic cerebral vascular 
injury can be conceptualized both as a micro- and macrovascular complica-
tion of DM.

 Diabetes, Subclinical Brain Injury, and Vascular 
Cognitive Impairment

DM has been linked to the progression of cerebral atrophy [26–28] at a rate as high 
as three times that of normal aging [29]. Studies are conflicting on whether the atro-
phy is primarily due to gray matter loss [30, 31], white matter rarefaction and demy-
elination [32], or both [26]. Vascular injury in the form of cerebral small vessel 
disease and particularly lacunes is frequently seen in diabetics [22, 28]. Newer MRI 
techniques such as Diffusion tensor imaging have revealed disruptions in the white 
matter microstructural integrity [33, 34] even in otherwise normal-appearing white 
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Fig. 18.2 Brain MRI with 
acute left basal ganglia 
lacunar infarct

matter, whereas functional MRI has shown impaired functional connectivity in 
patients with type 2 DM [35].

The functional correlates of these insidious deleterious effects of DM are cogni-
tive impairment and dementia. Earlier epidemiologic evidence was hampered by 
heterogeneity in dementia definitions and incomplete information on premorbid 
cognitive function, suggesting, however, an increased risk of late-life dementia in 
diabetics [36]. A more recent study in >13,000 black and white adults in the 
Atherosclerosis Risk in the Communities study [37] documented a 19% greater 
cognitive decline over 20 years among participants with diagnosis in midlife. Both 
glycemic control (adjusted global Z-score difference, −0.16; P = 0.071) and longer 
diabetes duration (p for trend<0.001) were associated with greater cognitive decline 
in late life. A meta-analysis of 14 studies including >2.3 million individuals found 
an adjusted risk ratio of ~1.6 for dementia [38]. The risk was substantially higher for 
vascular dementia with a risk ratio 2.34 (95% CI 1.86–2.94) among women and 
1.73 (95%CI 1.61–1.85) among men, whereas for nonvascular dementia, the risk 
ratio was statistically significant but lower (approximately 1.5). The pathophysio-
logic underpinnings of these associations are primarily vascular [39], although neu-
rodegeneration [31] without overt vascular injury also has a significant role.

V.-A. Lioutas and L. Palaiodimou



555

 Pathophysiology of Cerebral Vascular Injury

Stroke is considered a macrovascular complication although, as we have already 
seen, DM has a predilection for small vessels and possibly affects the microvascu-
lature earlier and more extensively than the large vessels. A detailed analysis of the 
molecular, cellular, and biochemical processes that mediate diabetic vascular injury 
exceeds the scope of this chapter; herein, we will highlight the main features.

Insulin resistance and chronic and repetitive hyperglycemia induce oxidative 
stress with reactive oxygen species production in intracellular organelles which in 
turn reduces nitric oxide (NO) bioavailability [40]. Additionally, both hyperglyce-
mia and insulin resistance reduce the vasodilatory activity of NO by shifting the 
balance toward the production of endothelin-1 which has potent vasoconstrictive 
properties [41, 42] and increases the synthesis of other vasoconstrictors and pros-
tanoids [43]. The net effect of these processes is impaired arteriolar relaxation and 
cerebral vasoreactivity [44] depriving the brain of its main autoregulatory mecha-
nism and rendering it more susceptible to ischemic insults. Both hyperglycemia and 
insulin resistance induce a prothrombotic state [45], increasing platelet aggregation 
[46], promoting thrombin generation and the procoagulant activity of tissue factor, 
overall increasing the risk of atherothrombotic events and accelerating atheroscle-
rotic plaque progression [47].

DM-induced structural vascular changes have primarily been examined in exper-
imental type 1 diabetes models. These showed increased collagen deposition lead-
ing to profound thickening of the basement membrane in the cerebral microvessels 
[48, 49], a process reminiscent of the lipohyalinosis observed in small vessels of 
humans having suffered lacunar infarcts and possibly explaining the predilection for 
small penetrating vessel strokes in diabetic patients. Hyperglycemia and insulin 
resistance increase the production of molecules with proliferative properties such as 
endothelin [42] which also contribute to vascular remodeling with collagen deposi-
tion and increased wall thickness seen in both small and large arteries [50]. Lastly, 
the structural changes in the endothelium and basement membrane of capillaries 
increase the blood–brain barrier permeability [51, 52], impairing the clearance of 
molecules and proteins critical for brain homeostasis. Figure 18.3 summarizes the 
main pathophysiologic pathways of diabetic cerebral vascular injury.
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Fig. 18.3 Proposed pathophysiologic pathways of diabetic cerebral vascular injury

 Glycemic Control and Mitigation of Stroke Risk: Evidence 
from Clinical Trials

 Insulin Resistance

There has been only one randomized clinical trial specifically examining an inter-
vention for insulin resistance or DM for the secondary prevention of stroke: Τhe 
Insulin Resistance Intervention after Stroke (IRIS) trial randomized 3876 
patients with recent ischemic stroke or transient ischemic attack and insulin resis-
tance based on the homeostasis model assessment of insulin resistance (HOMA-IR) 
to receive 45 mg of pioglitazone or placebo [53]. Over 4.8 years of median follow-
 up, there was a significant reduction in the primary composite endpoint of stroke or 
myocardial infarction (HR 0.76, 95% CI (0.62–0.93). Similarly, there was a signifi-
cant reduction in the progression to DM. However, there was no significance reduc-
tion in recurrent stroke, although the effect was more favorable among those with 
good protocol adherence [54] and the neutral study results might be in part explained 
by including non-compliant patients in the intention to treat primary analysis. In 
terms of safety, there was a significant increase in bone fractures in the pioglitazone 
group (6.9% vs. 4.9%, p = 0.008). A subsequent meta-analysis of three trials total-
ing >4900 patients found a significant reduction in stroke risk without difference in 
all-cause mortality [55].
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 Hyperglycemia and Intensive Glycemic Control

Given the key role of hyperglycemia in the pathophysiology of diabetic cerebral 
vascular injury, it had been expected that tight glycemic control would be beneficial 
in the reduction of stroke in diabetic patients. Although no clinical trials specifically 
targeted to stroke patients, several studies have attempted to address the impact of 
long-term intensive glycemic control on cardiovascular outcomes with conflicting 
results. In the following section, we will discuss the main findings of these trials 
pertaining specifically to stroke risk reduction; mortality and other macrovascular 
and microvascular outcomes have been discussed in detail elsewhere in this book.

In the UK Prospective Diabetes Study (UKPDS) 33 [56], 3867 newly diag-
nosed patients with type 2 DM were randomized to an intensive regimen with a 
sulfonylurea or with insulin, versus conventional policy with diet. The intervention 
was deemed successful from a glycemic control perspective with an 11% reduction 
in HbA1C in the intensive group but no significant reduction in stroke in the inten-
sive regimen; in fact, an insignificant increase was observed (5.6 vs. 5.0 per 1000 
person years, p = 0.52). A sub-study of the UKPDS (UKPDS 34) randomized 753 
overweight patients to an intensive blood–glucose control policy with metformin 
(n = 342) versus a conventional glycemic control policy (n = 411) [57]. A lower but 
statistically insignificant incidence of fatal stroke was observed in the metformin 
group (1.6 versus 2.1 per 1000 person-years), p = 0.59. Therefore, 3277 patients of 
the UKPDS trial entered post-trial monitoring and completed a total of approxi-
mately 17 years of follow-up, although no effort was made to maintain the assigned 
intervention beyond the trial completion. There was no significant difference in the 
cumulative incidence of stroke in the intensive therapy group (either sulfonylurea/
insulin or metformin) versus the conventional group [58] (Table 18.1).

In the Action to Control Cardiovascular Risk in Diabetes (ACCORD) study, 
10,251 patients with type 2 DM and a median HbA1c of 8.1% were randomized to 
either intensive therapy (goal HbA1c <6%) or standard therapy (goal HbA1c 7% to 
7.9%) [59] for a median time of 3.5 years, at which point the intensive regimen was 
discontinued at the recommendation of the data and safety monitoring board. The 
interventions rapidly achieved the target HbA1C levels. There was no significant 
difference in the risk of stroke between the two groups (0.39% versus 0.37% per 
year, p = 0.37). A follow-up study (ACCORDION) monitored ACCORD partici-
pants for up to 7 years after the intensive glycemic intervention was stopped [60]; 
the results were comparable to the main study with no significant difference in the 
hazard of stroke (0.55% versus 0.63% per year, p = 0.11).

In the Action in Diabetes and Vascular Disease (ADVANCE) study [61], 
11,140 adults with type 2 DM were randomized to either intensive glycemic control 
(target HbA1C 6.5%) with gliclazide or standard glycemic control, according to 
local guidelines; the median follow-up was 5 years and target glycemic control was 
achieved and maintained through the end of follow-up. There was no significant 
difference in the rate of major cerebrovascular events (4.3% vs. 4.4%). Including an 
additional post-trial follow-up period with total observation of ~10 years [62], no 
difference in the overall rate of stroke was observed: 8.8% vs. 8.6%, p = 0.81.
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Table 18.1 Effect of intensive glycemic control on long-term risk of stroke in diabetic patients in 
randomized clinical trials

Risk of stroke

p-value

Relative risk of stroke 
(for intensive glycemic 
control policy)Intensive Conventional

UKPDS 33 [56]a 5.6/1000 
PY

5.0/1000 PY 0.52 1.11 (0.81–1.51)

UKPDS 34 [57]a 1.6/1000 
PY

2.1/1000 PY 0.59 0.75 (0.19–2.93)

UKPDS long-term follow-up [58]a 
(Sulfonylurea-insulin group)

6.3/1000 
PY

6.9/1000 PY 0.39 0.91 (0.73–1.13)

UKPDS long-term follow-up [58]a 
(Metformin group)

6.0/1000 
PY

6.8/1000 PY 0.35 0.80 (0.50–1.27)

ACCORD [59]b 0.39%/
year

0.37%/year 0.74 1.06 (0.75–1.50)

ACCORD+ACCORDION 9-year 
follow-up [60]b

0.55%/
year

0.63%/year 0.11 0.87 (0.73–1.04)

ADVANCE [61]c 4.3% 4.4% NS 3% (−16% to 19%)d

ADVANCE-ON [62]c 8.8% 8.6% 0.81 1.01 (0.89–1.15)
VADT [63]c 4% 5% 0.32 0.78 (0.48–1.28)

PY person-years
a UKPDS: risk of stroke reported as absolute incidence rate per 1000 person-years
b ACCORD/ACCORDION: risk of stroke reported as %/year
c ADVANCE, ADVANCE-ON and VADT: risk of major cerebrovascular events reported as cumu-
lative proportion (%) of patients with first ever event
d For ADVANCE, relative risk reduction rather than risk ratio is reported

The Veterans Affairs Diabetes Trial (VADT) [63] was an open-label trial of 
1791 veterans with type 2 DM assigned to either intensive or standard glycemic 
control. The intensive regimen consisted of metformin plus rosiglitazone for those 
with body mass index (BMI) ≥ 27, whereas those with a BMI < 27 were started on 
glimepiride plus rosiglitazone. Over 6 years of follow-up, there was no significant 
difference in the rate of stroke (4% vs. 5%, p = 0.32).

The effectiveness of an intense glycemic strategy in reducing stroke risk is sum-
marized in Table 18.1.

None of the large-scale clinical trials yielded the expected clinical benefit, despite 
a achieving improved glycemic control; this was confirmed in a subsequent meta- 
analysis pooling the results of all trials [64]. The reasons remain incompletely 
understood. Several mechanistic explanations have been proposed: First, lack of 
maintenance of glycemic control in the long term as patient adherence wanes over 
time. Second, in all trials, significantly higher risk of severe hypoglycemia was 
observed in the intensive therapy group (pooled risk ratio 2.34, 95% CI (1.64–3.35), 
p < 0.0001. Recurrent hypoglycemia can be as detrimental for the brain as hypergly-
cemia [65], thereby negating many of the positive effects of glycemic control. Third, 
intensive glycemic regimens are thought to cause wide and frequent fluctuations in 
glucose levels, resulting in increased glycemic variability [66] which compounds 
the detrimental effects of hyperglycemia and hypoglycemia.

Data is insufficient to compare the efficacy of specific hypoglycemic agents 
(e.g., metformin, sulfonylureas, and thiazolidinediones) in stroke risk reduction. 
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The current recommendation from the American Heart Association/American 
Stroke Association for glycemic control in patients with ischemic and TIA defers to 
the relevant guidelines from the American Diabetes Association [67] and suggests 
that choice of hypoglycemic agents should be individualized.

 Glycemic Control and its Effect on Brain Atrophy 
and Cognitive Impairment

The Memory in Diabetes (MIND) study was a sub-study of the ACCORD trial. In a 
total of 10,251 patients, 2977 patients were included and underwent cognitive 
assessments at baseline, 20, and 40 months; a smaller sample of 503 patients under-
went brain MRI at baseline and 40 months [68]. Intensive glycemic control signifi-
cantly decelerated brain atrophy resulting in a significantly greater mean total brain 
volume than the standard therapy group with mean difference of 4.62 (2.0–7.3) cm3 
at 40 months. The pattern of decelerated gray matter loss was spatially heteroge-
neous: the benefit was primarily observed in brain areas adjacent to cortical regions 
that were found to be most heavily affected by diabetes at baseline [69]. Contrary to 
total brain volume, the intensive therapy group had significantly higher volume of 
abnormal white matter, driven by patients younger than 60  years. The favorable 
brain atrophy outcome did not translate into a cognitive benefit as there was no sig-
nificant difference in any of the cognitive outcomes [68]. In long-term follow-up 
(80 months), neither total brain volume, abnormal white matter, or cognitive perfor-
mance differed between the intensive and standard therapy groups [70]. Several 
possible explanations have been offered for this lack of long-term effects, similar to 
the ones discussed in lack of benefit in stroke risk mitigation: substantial loss to 
follow-up at 80  months limited the power to detect treatment effects. Treatment 
adherence was not sustained in the long term. As already mentioned, intensive gly-
cemic control significantly increases the risk of severe hypoglycemia [64], which is 
associated with a significantly greater risk of dementia [71]. Therefore, it is possible 
that any benefit of strict glycemic control is nullified by the detrimental effects of 
severe hypoglycemic episodes that are inevitable with such a strategy.

 Management of Cardiovascular Risk Factors for Stroke 
Prevention in Diabetic Patients

 Hypertension

Hypertension often coexists with DM and its control is an important component of 
cardiovascular risk mitigation in DM patients. Although it had no significant impact 
on the composite primary endpoint, intense blood pressure reduction in the 
ACCORD trial led to reduction of stroke [72, 73] with a HR of 0.59. In a large meta- 
analysis of 13 trials including ~74,000 patients manifested that for each 5 mmHg 
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reduction in systolic blood pressure, there was a 13% relative risk reduction for 
stroke [74]. Closer inspection of the findings of the SPRINT and ACCORD BP tri-
als in relevant subgroups suggests that the benefits of blood pressure reduction in 
reducing stroke risk are modified by the intensity of blood glucose control: there is 
a consistent benefit in among those with standard glucose control which is not seen 
among those with intensive blood glucose control [75].

 Hypercholesterolemia

Cholesterol level reduction is of paramount importance among DM patients for both 
primary and secondary stroke risk reduction. In the Collaborative Atorvastatin 
Diabetes Study (CARDS), [76] 2838 patients with type 2 DM and no prior history 
of cardiovascular disease were randomized to receive 10 mg of atorvastatin or pla-
cebo. Significantly lower total cholesterol and LDL were achieved in the atorvas-
tatin group. The study was terminated prematurely as a prespecified efficacy 
criterion if the composite primary endpoint had been met. The atorvastatin group 
had a significantly lower, hazard of stroke: 1.5% vs. 2.8%, HR 0.52, (95% CI 
0.31–0.89). The Heart Protection Study (HPS) included 5963 adults with DM, 
randomized to 40  mg of simvastatin or placebo [77]. There was a 24% (6–39, 
p = 0.01) lower risk of stroke among diabetic patients in the simvastatin group. A 
subsequent meta-analysis of 14 trials including 18,686 individuals with type 1 and 
2 DM confirmed the substantial stroke reduction associated with cholesterol- 
lowering therapy. The risk of stroke in controls was 5.4% versus 4.4% in the treat-
ment arm, with RR 0.79, (99% CI 0.67–0.93). Statin therapy is generally 
recommended for all stroke or TIA patients with LDL > 100 mg/dl with further 
stricter target to <70 mg/dl in diabetic patients, especially if the stroke is of pre-
sumed atherosclerotic origin [67].

 Diabetes and Hyperglycemia in Acute Stroke: 
Pathophysiology, Outcomes, Glycemic Variability, 
and Management of Glycemia in the Acute Phase of Stroke

 Incidence and Mechanisms of Post-Stroke Hyperglycemia

Hyperglycemia after acute stroke is a common phenomenon [78, 79] reported in up 
to one-third of acute stroke patients [80–82]. Although it might be explained by pre- 
existing diabetes mellitus or other previously undiagnosed abnormalities in glucose 
metabolism in some patients [78, 83, 84], stress-related hyperglycemia is also 
encountered in non-diabetic patients likely due to release of counterregulatory hor-
mones and cytokines in the context of acute stroke [85]: Activation of the hypotha-
lamic–pituitary–adrenal axis and increased levels of catecholamines during acute 
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stroke can signal glycogenolysis, gluconeogenesis, proteolysis, and lipolysis, result-
ing in an excessive glucose production [86, 87].

 Mechanisms of Exacerbation of Acute Ischemic Injury 
by Hyperglycemia

Admission hyperglycemia has been associated with pathophysiological sequalae 
that may lead to poor outcomes in stroke patients.

 Oxidative Stress, Lactic Acidosis, and Cellular Energy Failure

Decrease of blood perfusion in ischemic stroke and subsequent anaerobic metabo-
lism of glucose can lead to excessive accumulation of lactic acid which results in 
intracellular acidification, increased cell stress, and triggers neuronal apoptosis 
[88]. Elevated glucose increases extracellular glutamate concentration and causes 
intracellular calcium imbalance which triggers cell apoptosis via excessive cyto-
chrome C leakage into the cytosol [89, 90]. There is also an increased reactive oxy-
gen species (ROS) influx mediated by hyperglycemia through upregulation of 
superoxide production [91]. ROS accumulation, oxidative stress, increase of lactic 
acid, and cell apoptosis aggravate cytotoxic edema and reduce the volume of sal-
vageable brain tissue [92, 93].

In acute stroke patients with a diffusion–perfusion mismatch suggesting poten-
tially salvageable oligemic tissue, hyperglycemia was associated with increased 
brain lactate production [94], resulting in reduced salvage of penumbral tissue and 
greater final infarct size. These associations were independent of diabetic status and 
initial stroke severity, confirming the unique role of admission hyperglycemia in 
oxidative stress and neuronal damage [94]. The detrimental effects of hyperglyce-
mic state in infarct volume change become more pronounced with longer hypergly-
cemia duration [95].

 Reduced Collateral Blood Flow and Penumbra Salvage

Cerebral ischemia is a dynamic phenomenon that evolves over hours: The initial 
ischemic insult results in a core of irreversibly infarcted tissue, surrounded by an 
area of oligemic but potentially salvageable tissue, known as ischemic penumbra. 
The fate of the penumbra and the ultimate infarct size are determined by the effi-
ciency of the collateral circulation. Hyperglycemia has a detrimental effect by 
downregulating the endothelial nitric oxide synthase activity which is crucial for the 
vasodilation and recruitment of collaterals [96–98]. Cerebral arteriolar vasomotor 
reactivity has also been found to be reduced in hyperglycemic patients [99, 100]. 
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The net result is poorly regulated vasomotor response, regional cerebral blood flow 
imbalance, and larger final infarct size.

 Blood–Brain Barrier Dysfunction

As already mentioned, DM is associated with increased blood–brain barrier perme-
ability [51, 101]. Even in non-diabetic patients, acute transient hyperglycemia 
causes inflammation and endothelial injury [102, 103], destabilizing the tight junc-
tion proteins in endothelial cells [104] and disrupting the integrity of the blood–
brain barrier [105, 106]. Increased blood–brain barrier permeability may worsen 
cerebrovascular reperfusion injury and predisposes to symptomatic intracerebral 
hemorrhage after acute reperfusion treatments.

 Post-stroke Inflammatory Response

Acute cerebral ischemia activates microglia and astrocytes, with production of pro- 
inflammatory cytokines and chemokines, signaling the transmigration of inflamma-
tory cells into brain tissue. The subsequent inflammatory cascade has detrimental 
effects in both blood–brain barrier integrity and tissue viability. Hyperglycemia has 
been shown to compound the inflammatory process by promoting leukocyte migra-
tion to the brain [107], enhancing production of pro-inflammatory cytokines [108] 
and overexpression of endothelial cell adhesion molecules [109, 110]. This results 
in cerebral edema and higher likelihood of hemorrhagic transformation and white 
matter degeneration following ischemic stroke [111, 112].

 Hyperglycemia and Clinical Stroke Outcomes

 Mortality and Functional Outcome after Ischemic 
and Hemorrhagic Stroke

Post-stroke hyperglycemia is associated with elevated short-term mortality [80]. 
Non-diabetic patients with admission glucose values of 110 to 126 mg/dL had a 
three-fold higher risk of in-hospital mortality or mortality within 1-month post- 
stroke [80]. Higher admission glucose blood value has been associated with in- 
hospital mortality in other cohort studies [113, 114].

Hyperglycemia has been associated with unfavorable functional recovery at 
3–6 months post-stroke, regardless of diabetes status [80, 115]. Surprisingly, the 
association between admission hyperglycemia and long-term functional outcome 
has consistently been shown to be more pronounced in non-diabetic patients, 
whereas in diabetic patients elevated glucose levels during a stroke admission are 
less helpful in determining long-term outcomes [114, 116, 117]. Higher levels of 
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blood glucose on admission were independently associated with higher likelihood 
of hemorrhagic transformation of acute ischemic stroke [118].

Hyperglycemia is also detrimental in hemorrhagic stroke: Elevated fasting 
plasma glucose in the acute stage was shown to independently predispose to hema-
toma enlargement after spontaneous intracerebral hemorrhage [119, 120] resulting 
in increased the risk for short-term adverse events, early neurological deterioration, 
[121] poor functional outcome, and increased mortality [122–124].

 Impact of Diabetes and Hyperglycemia on Intravenous Thrombolysis 
and Mechanical Thrombectomy Outcomes

Hyperglycemia inhibits fibrinolysis and may augment the synthesis of plasminogen 
activator inhibitor type-1 in arterial endothelial cells, resulting in impaired fibrino-
lytic response to IV-tPA administration [125, 126]. Higher glucose values were 
associated with lower recanalization rates in both diabetic and non-diabetic acute 
ischemic stroke patients receiving intravenous thrombolysis, translating to worse 
than expected long-term functional outcomes, independent of initial stroke severity 
[127, 128]. Admission hyperglycemia, especially for blood glucose admission val-
ues >180–200 mg/dl [129, 130], has been consistently associated with symptomatic 
intracranial hemorrhage after intravenous thrombolysis [127, 131–133] and reper-
fusion injury after mechanical thrombectomy [134].

 Additional Components of Dysglycemia in Acute Stroke: 
Hypoglycemia and Glycemic Variability

 Hypoglycemia

Blood glucose exhibits a U-shaped association with cerebral infarct volume in ani-
mal stroke models, suggesting that both hyperglycemia and hypoglycemia have det-
rimental effects on final infarct size [135]. In humans, a J-shape association with a 
nadir (lowest risk) of ~90 mg/dL has been demonstrated between glucose values 
and functional outcomes at 12 months [136]. Specifically, glucose values >130 mg/
dL or < than 66 mg/dL are both associated with poor functional outcomes [136]. 
Hypoglycemia can exacerbate ischemic damage by depriving neuronal cells of their 
main source of energy at times of high metabolic demand, triggering a metabolic 
crisis [65] and is particularly consequential in patients with acute stroke.

Hypoglycemia is not an uncommon complication in acute stroke patients, affect-
ing up 10% of the patients in a cohort study [137] and is perhaps underdiagnosed, 
considering the difficulty of stroke patients to report hypoglycemia-related symp-
toms. Dysphagia, fasting status, and attempts for aggressive management of post- 
stroke hyperglycemia mainly account for post-stroke hypoglycemia. Given its 
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detrimental effect, clinicians should be vigilant in monitoring and preventing hypo-
glycemic events in stroke patients.

 Glycemic Variability

Glycemic variability (GV) is defined as the degree of fluctuation in glucose values 
over time and is considered the third component of dysglycemia, along with hyper-
glycemia and hypoglycemia [138]. Both upward and downward fluctuations of glu-
cose trigger oxidative stress [139]; which is more pronounced than observed with 
chronic sustained hyperglycemia [66]. In the clinical setting, GV was shown to 
independently predict mortality and morbidity in patients with various acute ill-
nesses [140, 141].

GV indices measured in diabetic acute stroke patients were independently asso-
ciated with early neurological deterioration during hospitalization, poor functional 
outcome, increased risk of recurrent cardiovascular events, and post-stroke cogni-
tive impairment [142–145], independent of HbA1c levels or hypoglycemic events 
during hospitalization [142]. GV is associated with stroke outcomes in non- diabetic 
patients as well: Higher GV values have been associated with infarct volume growth 
[146], progression of penumbra to irreversible ischemia [147], symptomatic intra-
cerebral hemorrhage, and mortality [148].

Continuous glucose monitoring is a promising and feasible method for monitor-
ing glycemic variability [149]. It has been successfully utilized in the acute inpa-
tient setting, allowing for almost real-time information about glucose excursions 
[150] and could prove useful in managing glycemic monitoring in the acute phase 
of stroke.

 Glycemic Management in the Acute Phase of Stroke

 Overview

Given the abundance of observational evidence highlighting the detrimental effect 
of hyperglycemia on stroke outcomes, glucose normalization was anticipated to 
improve stroke outcomes [151, 152] and has been the target of several clinical trials 
employing tight glycemic control regimens. The results, however, have been per-
plexing: None of the relevant randomized clinical trials yielded significant clinical 
benefit, and increased risk of hypoglycemia has been a recurrent theme [153–165]. 
A recent systematic review and meta-analysis of 12 RCTs that evaluated intrave-
nous insulin administration in hyperglycemic stroke patients versus standard of care 
showed no benefit in mortality or functional independence between the two arms, 
reconfirming a significant, fivefold higher risk of hypoglycemia in the interven-
tional arm [166].
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Several reasons have been proposed for the lack of clinical efficacy in clinical 
trials: There is a significant heterogeneity in the timing and glucose threshold for 
therapy initiation, treatment duration, optimal hypoglycemic regimen, and the target 
glucose range. Some have underscored the significantly higher rates of hypoglyce-
mia and the glycemic variability introduced by tight glycemic regimens; as dis-
cussed above, both phenomena can be very detrimental in the acute phase of stroke, 
negating any possible benefit from hyperglycemia management. Lastly, some 
authors point out that hyperglycemia in the acute phase of stroke might simply be 
an epiphenomenon, a marker of stroke severity, explaining the lack of clinical 
response. In clinical practice, target glucose range, treatment initiation, and adop-
tion of aggressive protocols differ significantly among practicing physicians, 
depending on their specialty [167]. In the following sections, we will describe these 
issues in detail.

 Optimal Timing of Treatment Initiation and Treatment Duration

In the majority of clinical trials, hypoglycemic treatment in stroke patients has been 
initiated within 24 hours upon admission [153–155, 158, 161, 163–165]. Some sug-
gested that this might be too delayed, missing a critical, ultra-early therapeutic win-
dow and it was postulated that an even earlier glucose control might be beneficial. 
In the INSULINFARCT trial, hypoglycemic treatment was initiated within 6 h after 
stroke onset [160]. However, neither infarct volume nor functional outcomes were 
improved significantly in the interventional arm of this trial [160] and the imple-
mentation of such an early treatment window was not deemed feasible. An interme-
diate and possibly more pragmatic time window of 12  h after stroke onset was 
adopted by the most recent clinical trials, including the largest and more rigorous 
relevant clinical trial to date, the Stroke Hyperglycemia Insulin Network Effort 
(SHINE) [156, 159, 162], without significant clinical benefit.

The temporal profile of post-stroke hyperglycemia consists of two main phases, 
as was demonstrated in a study using continuous glucose monitoring [85]. There is 
one early phase of hyperglycemia during the first hours of stroke onset, followed by 
a delayed phase, recorded at 48–88 h post-stroke in both diabetic and non-diabetic 
patients [85] which probably coincides with resumption of food intake. Regardless, 
it seems that admission hyperglycemia may be more protracted and not restricted to 
the early hours after admission only. Post-admission hyperglycemia was indepen-
dently associated with mortality, regardless of the glucose values on admission, and 
even if the patients were initially normoglycemic [152]. For this reason, hypoglyce-
mic treatment should probably aim at glucose normalization that covers the delayed 
phase of hyperglycemia as well, for at least 72  h post stroke. All clinical trials 
focused on treating patients up to 24 h after which glycemic control was left to the 
discretion of treating clinicians. Therefore, there is a potential missed opportunity to 
benefit from treatment of hyperglycemia beyond the very early phase.
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 Glucose Threshold for Hypoglycemic Treatment Initiation

Blood glucose values that triggered hypoglycemic treatment initiation differed 
among clinical trials. This variation is also found in the real-world clinical setting, 
according to an EFNS Task Force survey in 22 European countries, which showed 
that glucose thresholds that triggered intervention ranged from 133 mg/dl to 252 mg/
dl [168]. Glucose values as low as 108 mg/dl have been used as a threshold for treat-
ment initiation in the GIST-UK trial, whereas a more conservative threshold of 
150 mg/dl was chosen for the THIS trial [156, 163]. Neither approach had an impact 
on stroke outcomes [156, 163], but in both trials, severe hypoglycemic events were 
observed in the active arm. In the SHINE trial, a more sophisticated, individualized 
approach was adopted, using different thresholds for diabetic and non-diabetic 
patients, considering the different pathophysiological mechanisms attributed for 
admission hyperglycemia and the different temporal profiles of its progression [85, 
162]. A threshold of 110 mg/dl was used for patients with type 2 DM and 150  mg/
dl for non-diabetic participants. However, this did not translate into a clinical 
benefit.

 Optimal Regimen for Glucose Control

The randomized clinical studies have used a variety of regimens in different treat-
ment protocols.

Intravenous insulin treatment has been comprehensively investigated in different 
clinical trials in the last two decades as the standard of care of hypoglycemic treat-
ment [155–162, 165], without significant benefit. The highly anticipated SHINE 
trial, which evaluated 1151 hyperglycemic stroke patients randomized to receive 
either intravenous insulin with the aim of tight glycemic control or subcutaneous 
sliding scale insulin four times daily according to standard practice, did not improve 
3-month functional outcome, whereas severe hypoglycemia defined as blood glu-
cose less than 40 mg/dl was significantly more frequent in the intervention group 
[162]. Perhaps, in specific subgroups of stroke patients in need of rapid glucose 
correction, such as those receiving acute reperfusion therapies, intravenous insulin 
may still be used, but this hypothesis needs to be confirmed in the setting of a clini-
cal trial.

Intravenous glucose-potassium-insulin regimen, also known as GKI, was thought 
to control hyperglycemia in a controlled way avoiding large glucose excursions and 
additionally preventing hypokalemia, which may complicate insulin-only treatment 
[169]. A regimen consisting of 16 Units of human soluble insulin and 20 mmol 
potassium chloride in 500 mL 10% glucose was used in the Glucose Insulin in 
Stroke Trial (GIST) explanatory trial [153], achieving significantly lower glucose 
values and lower 30-day mortality [153]. This was followed by a larger, Phase 3 
trial, GIST-UK, which tested the safety and efficacy of GKI for correcting mild-to- 
moderate hyperglycemia in both ischemic and hemorrhagic stroke patients, regard-
less of the history of diabetes [163]. A small but statistically significant reduction in 
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plasma glucose values was demonstrated, but this treatment effect did not translate 
in better clinical outcomes at 3 months [163]. Rescue treatment with dextrose was 
necessary in 15% of GKI patients with asymptomatic hypoglycemia [163]. Similar 
efficacy results were observed in another small trial evaluating GKI with higher 
rates of asymptomatic hypoglycemia (76%) [164]. Interestingly, GKI infusion was 
also associated with greater infarct growth in patients with persistent arterial occlu-
sion in an exploratory analysis [164]. Besides the lack of efficacy, GKI was deemed 
impractical for clinical practice by nursing staff due to increased workload from the 
frequent changes of specimen bags required and treating episodes of hypoglyce-
mia [163].

Another small study evaluated insulin-potassium-saline-magnesium (IPSM) 
infusions for controlling hyperglycemia in diabetic and non-diabetic ischemic 
stroke patients [154]. The addition of magnesium in the regimen was based on its 
postulated anti-excitotoxic effect. The regimen resulted in a lower likelihood of 
neurological deterioration during hospitalization and better functional outcomes at 
30 days compared with controls [154] but did not assess the occurrence of hypogly-
cemic in treated patients, a significant omission. It has not been further evaluated in 
subsequent studies.

Exenatide is a synthetic glucagon-like peptide-1 receptor agonist that has recently 
been tested in acute stroke patients. Based on experimental data suggesting a poten-
tial neuroprotective effect and confirming its tolerability, one pilot study investi-
gated the safety and efficacy of subcutaneous exenatide in 11 stroke patients [170, 
171]. Exenatide was well tolerated without symptomatic hypoglycemia, and glu-
cose control under 155 mg/dl was achieved. On the other hand, the PROLOGUES 
trial failed to provide sufficient evidence that prehospital administration of exena-
tide in hyperglycemic hyperacute stroke patients led to significant glucose reduction 
[172]. However, this study was prematurely stopped due to slow inclusion and the 
results may have been confounded by the limited sample size [172]. Other clinical 
trials are currently evaluating exenatide as a potentially safe and effective regimen 
for glycemia management in the acute stroke setting and their results are awaited 
[173, 174].

 Optimal Target Glucose Range

No consensus has been reached regarding the optimal target of glucose values in the 
acute stroke setting. One important limitation of achieving tight glucose control is 
the incidence of hypoglycemic events. The Glucose Regulation in Acute Stroke 
Patients (GRASP) trial aimed to compare three different possible target ranges: the 
tight one (70–110 mg/dl), the loose one (70–200 mg/dl), and the usual-care one 
(70–300 mg/dl) [161]. Hypoglycemia was significantly more frequent in the tight 
glucose range, whereas no difference was observed in the loose and the usual-care 
group [161]. Another important aspect disclosed in the GRASP trial was that the 
loose intervention was more feasible and the patients obtained longer in-target dura-
tion compared with assigned to the tight range [161]. A considerable hypoglycemic 
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risk was also observed in other clinical trials that used 130 mg/dl or less as the 
higher value of glucose target range [153, 156, 158, 159, 162–165].

 Current Guidelines and Standard of Practice for Glycemic Control 
in Acute Stroke

Current guidelines reflect the findings of all major clinical trials and the lack of 
efficacy of early and aggressive induction of euglycemia on patient outcomes as 
well as the high risk of severe hypoglycemia with tight glycemic control regimens. 
Guidelines from the European Stroke Organization and the American Heart 
Association/American Stroke Association recommend initiation of insulin at high 
degrees of hyperglycemia (≥180 mg/dl) with the aim to maintain a mild hypergly-
cemic state (between 120 and 180  mg/dl) [175, 176], taking care to avoid wide 
excursions and severe hypoglycemic events. The updated European Stroke 
Organization guidelines explicitly caution against routine use of tight glycemic con-
trol with intravenous insulin [175] unless glucose levels exceed 180 mg/dl. Overall, 
no specific treatment protocol is provided, and there is a wide variability in physi-
cian care hypoglycemic regimens in acute stroke patients [167].
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Chapter 19
Diabetes and the Autonomic Nervous 
Systems

Anna DePold Hohler, Okeanis E. Vaou, and Dave S. Ho

 The Autonomic Nervous System

The autonomic nervous system regulates body systems such as blood pressure and 
the rate of breathing. The autonomic nervous system has two main divisions called 
the sympathetic and the parasympathetic. The sympathetic system regulates the 
fight and flight responses, while the parasympathetic system regulates the rest and 
digest systems [1]. Autonomic syndromes can be grouped by the primary chemical 
neurotransmitters that are affected by the underlying etiology. The sympathetic ner-
vous systems include noradrenergic, adrenergic, and cholinergic functions. These 
are made up of unmyelinated sympathetic neurons that comprise the thoracolumbar 
ganglionic chain. Parasympathetic nervous systems consist of myelinated predomi-
nately cholinergic neurons situated in the brainstem, cervical, and sacral spinal cord.

The autonomic nervous system controls pupillary function, blood pressure, heart 
rate, respiratory rate, body temperature, digestion, electrolyte and water balance, 
urination, defection, and sexual response. The two divisions coordinate to control 
and regulate these important functions.

Acetylcholine and norepinephrine are the neurotransmitters used to communi-
cate within the autonomic nervous system. Nerve fibers that secrete acetylcholine 
are called cholinergic fibers. Acetylcholine is involved in both the sympathetic and 
parasympathetic systems. Fibers that secrete norepinephrine are called adrenergic 
fibers. Norepinephrine has sympathetic effects.
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Autonomic disorders may result from disorders that damage the brain, the spinal 
cord, or the more distal nerve endings. Symptomatically, autonomic disorders com-
monly cause orthostatic hypotension, postural tachycardia, temperature dysregula-
tion, and dryness of the eyes or mouth. Individuals may have postprandial 
hypotension or gastroparesis. Individuals may have urinary incontinence or 
constipation.

 Central Autonomic Dysfunction

Central autonomic dysfunctions can be due to primary or secondary disorders. 
Autonomic failure (AF) may be a major manifestation of multiple system atrophy 
(MSA) and idiopathic Parkinson’s disease (IPD). In both MSA and IPD, AF is 
almost invariably associated with neuronal loss in the intermediolateral cell col-
umns. Dysautonomia in MSA is early, severe, and progressive, including marked 
orthostatic hypotension and urinary incontinence, and is complicated by respiratory 
disturbances, such as laryngeal stridor and sleep apnea. AF in IPD is generally less 
severe than in MSA. Higher L-Dopa medication requirements and more side effects, 
abnormal urethral sphincter electromyography, and CSF markers may distinguish 
MSA from IPD. Secondary autonomic disorders may result from traumatic, vascu-
lar, inflammatory, demyelinating, or neoplastic lesions involving corticolimbic, 
hypothalamic, brainstem, or spinal autonomic networks. These disorders can cause 
AF or autonomic hyperactivity, such as arrhythmia, hypertension, and hyper-
thermia [2].

 Peripheral Autonomic Nervous System

The autonomic nervous system (ANS) is composed of the sympathetic nervous sys-
tem (SNS) and parasympathetic nervous system (PNS). The SNS is organized at a 
spinal and peripheral levels such that cell bodies within the thoracolumbar segments 
of the spinal cord provide preganglionic efferent innervation to sympathetic neu-
rons. The spinal cells of origin for the presynaptic input to sympathetic peripheral 
ganglia are located from the first thoracic to the second lumbar level of the cord, 
although minor variations exist. The postganglionic fibers in the SNS travel quite 
lengthy paths to arrive at the target organs. Interactions between the adrenal cortex 
and adrenal medulla constitute a critical link between the autonomic and endocrine 
systems [3].
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The efferent nervous activity of the ANS is largely regulated by autonomic 
reflexes. In many of these reflexes, sensory information is transmitted to homeo-
static control centers, in particular, those located in the hypothalamus and brain-
stem. Much of the sensory input from the thoracic and abdominal viscera is 
transmitted to the brainstem by afferent fibers of cranial nerve X, the vagus nerve. 
Many important variables in the body are monitored and regulated in the hypothala-
mus and the brainstem including heart rate, blood pressure, gastrointestinal peristal-
sis, and glandular secretion, body temperature, hunger, thirst, plasma volume, and 
plasma osmolarity.

An example of this type of autonomic reflex is the baroreceptor reflex. 
Baroreceptors located in some of the major systemic arteries are sensory receptors 
that monitor blood pressure. If blood pressure decreases, the number of sensory 
impulses transmitted from the baroreceptors to the vasomotor center in the brain-
stem also decreases. As a result of this change in baroreceptor stimulation and sen-
sory input to the brainstem, ANS activity in the heart and blood vessels is adjusted 
to increase heart rate and vascular resistance so that blood pressure increases to its 
normal value.

Some autonomic reflexes may be processed at the level of the spinal cord. These 
include the micturition reflex and the defecation reflex. Although these reflexes are 
subject to influence from higher nervous centers, they may occur without input from 
the brain.

Each system, sympathetic or parasympathetic, is dominant under certain condi-
tions. The sympathetic system predominates during emergency “fight-or-flight” 
reactions and during exercise. The parasympathetic system predominates during 
quiet, resting conditions. The overall effect of the parasympathetic system under 
these conditions is to conserve and store energy and to regulate basic body functions 
such as digestion and urination [1].

 Sympathetic Division

The preganglionic neurons of the sympathetic system arise from the thoracic and 
lumbar regions of the spinal cord (segments T1 through L2). Most of these pregan-
glionic axons are short and synapse with postganglionic neurons within ganglia 
found in the sympathetic ganglion chains. A single preganglionic neuron may syn-
apse with several postganglionic neurons in many different ganglia. The coordi-
nated sympathetic stimulation of many organs and tissues in the body is referred to 
as a mass sympathetic discharge.

Other preganglionic neurons exit the spinal cord and pass through the ganglion 
chain without synapsing with a postganglionic neuron. Instead, the axons of these 
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neurons travel more peripherally and synapse with postganglionic neurons in one of 
the sympathetic collateral ganglia. These ganglia are located about halfway between 
the CNS and the effector tissue.

Finally, the preganglionic neuron may travel to the adrenal medulla and syn-
apse directly with this glandular tissue. The cells of the adrenal medulla have the 
same embryonic origin as neural tissue and, in fact, function as modified post-
ganglionic neurons. Instead of the release of neurotransmitter directly at the syn-
apse with an effector tissue, the secretory products of the adrenal medulla are 
picked up by the blood and travel throughout the body to all of the effector tissues 
of the sympathetic system. Most innervated blood vessels in the entire body, 
primarily arterioles and veins, receive only sympathetic nerve fibers. Therefore, 
vascular smooth muscle tone and sweating are regulated by the sympathetic sys-
tem only.

 Parasympathetic Division

The preganglionic neurons of the parasympathetic system arise from several nuclei 
of the brainstem and from the sacral region of the spinal cord (segments S2–S4). The 
axons of the preganglionic neurons are quite long compared to those of the sympa-
thetic system and synapse with postganglionic neurons within terminal ganglia 
which are close to or embedded within the effector tissues. The axons of the post-
ganglionic neurons, which are very short, then provide input to the cells of that 
effector tissue.

The preganglionic neurons that arise from the brainstem exit the CNS through 
the cranial nerves. The oculomotor nerve (III) innervates the eyes; the facial nerve 
(VII) innervates the lacrimal gland, the salivary glands, and the mucus membranes 
of the nasal cavity; the glossopharyngeal nerve (IX) innervates the parotid (salivary) 
gland; and the vagus nerve (X) innervates the viscera of the thorax and the abdomen 
(e.g., heart, lungs, stomach, pancreas, small intestine, upper half of the large intes-
tine, and liver). The physiological significance of this nerve in terms of the influence 
on the parasympathetic system is clearly illustrated by its widespread distribution 
and the fact that 75% of all parasympathetic fibers are in the vagus nerve. The pre-
ganglionic neurons that arise from the sacral region of the spinal cord exit the CNS 
and join together to form the pelvic nerves. These nerves innervate the viscera of the 
pelvic cavity (e.g., lower half of the large intestine and organs of the renal and repro-
ductive systems). The effects of the parasympathetic system tend to be more dis-
crete and localized, with only specific tissues being stimulated at any given moment, 
compared to the sympathetic system where a more diffuse discharge is possible [3] 
(Fig. 19.1).

A. D. Hohler et al.



581

Sympathetic nervous systemParasympathetic nervous system

Constrict pupils
(eye)

Dialate pupils
(eye)

Inhibit salivation
(pancreas)

Increase heartbeat
(heart)

Relax airways
(lungs)

Inhibit activity
of stomach
(stomach)

Inhibit gallbladder
(Liver)

Inhibit activity
of intestines
(intestines)

Secrete epinephrine
and norepinephrine

(kidneys)

Relax bladder
(bladder)

Stimulate saliva
(pancreas)

Slow heartbeat
(heart)

Constrict airways
(lungs)

Stimulate activity
of the stomach

(stomach)

Stimulate
gallbladder

(liver)

Stimulate activity
of intestines
(intestines)

Contract bladder
(bladder)

Fig. 19.1 Parasympathetic and Sympathetic Nervous system

 Neurotransmitters of the Autonomic Nervous System

The two most common neurotransmitters released by neurons of the ANS are ace-
tylcholine and norepinephrine. Neurotransmitters are synthesized in the axon vari-
cosities and stored in vesicles for subsequent release.

Nerve fibers that release acetylcholine are referred to as cholinergic fibers. These 
include all preganglionic fibers of the ANS, both sympathetic and parasympathetic 
systems; all postganglionic fibers of the parasympathetic system; and sympathetic 
postganglionic fibers innervating sweat glands. Nerve fibers that release norepi-
nephrine are referred to as adrenergic fibers. Most sympathetic postganglionic fibers 
release norepinephrine (Fig. 19.2).
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As previously mentioned, the cells of the adrenal medulla are considered modified 
sympathetic postganglionic neurons. Instead of a neurotransmitter, these cells release 
hormones into the blood. Approximately 20% of the hormonal output of the adrenal 
medulla is norepinephrine. The remaining 80% is epinephrine. Unlike true postgan-
glionic neurons in the sympathetic system, the adrenal medulla contains an enzyme 
that methylates norepinephrine to form epinephrine. The synthesis of epinephrine, 
also known as adrenaline, is enhanced under conditions of stress. These two hormones 
released by the adrenal medulla are collectively referred to as catecholamines.

Diabetes mellitus is the most common cause of autonomic neuropathy in the 
developed world. Diabetic autonomic neuropathy causes a constellation of symp-
toms and signs affecting cardiovascular, urogenital, gastrointestinal, pupillomotor, 
thermoregulatory, and sudomotor systems. Several discrete syndromes associated 
with diabetes cause autonomic dysfunction. The most prevalent of these are gener-
alized diabetic autonomic neuropathy, autonomic neuropathy associated with the 
prediabetic state, treatment-induced painful and autonomic neuropathy, and tran-
sient hypoglycemia-associated autonomic neuropathy. These autonomic manifesta-
tions of diabetes are responsible for the most troublesome and disabling features of 
diabetic peripheral neuropathy and result in a significant proportion of the mortality 
and morbidity associated with the disease [4].
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 Evaluation of the Autonomic Nervous System

 Clinical History

An organized clinical history can help identify the specific autonomic syndrome 
based on the constellation of symptoms. For example, decreased noradrenergic 
function can cause orthostatic hypotension, whereas increased noradrenergic func-
tion can lead to palpitations, hypertension, or postural tachycardia. Other symptoms 
associated with increased noradrenergic function include mydriasis, hyperhidrosis, 
or piloerection. Inappropriate activation of adrenergic functions can cause palpita-
tions, tachycardia, hypertension, cold hands, and anxiety. Conversely, decreased 
adrenergic function will lead to fatigue. With regard to parasympathetic disorders, 
ask about dry mouth, dry eyes, and genitourinary symptoms including erectile dys-
function. Shortness of breath or dyspnea on exertion that may be as a result of 
excessive bronchial constriction [5].

Medication can affect various elements of the autonomic nervous system depend-
ing on the individual pharmacologic mechanisms of action. As such, the treating 
physician should explore and reconcile all prescribed medications; how the patient 
is taking each medicine; inquire into medication compliance and any home-holding 
parameters; and inquiry of any herbal supplements and dietary modifications. 
Finally, it is necessary to define the impact of symptoms on the patient’s quality of 
life. A complete social history may be pertinent if the patient is no longer being able 
to continue employment due to the severity of disabling symptoms.

Other causes of total or generalized autonomic failure should be considered in 
the differential diagnosis when evaluating a patient with well-controlled diabetes 
mellitus, such as multiple system atrophy, as well as hypovolemia, hypopituitarism, 
adrenal dysfunction, or other peripheral neuropathies.

 Autonomic Questionnaires

It is important to ask for a comprehensive review of systems when seeking out 
symptoms of dysautonomia due to the widespread and varied total body regulatory 
effect of the autonomic nervous system. Autonomic dysfunction impacts the quality 
of life for patients that suffer from chronic medical conditions such as health failure 
and diabetes. Often these symptoms are volunteered to their providers; however, a 
screening questionnaire provides systematic and thorough documentation of auto-
nomic complaints. Screening for autonomic dysfunction in patients with diabetes 
assists in deciding on the battery autonomic tests used to confirm diabetic auto-
nomic neuropathy based on the symptoms endorsed.

The Autonomic Symptom Profile (ASP) is a 169-item questionnaire that assesses 
11 domains of autonomic function. ASP is a validated scale for autonomic symp-
toms with its results providing a composite score also known as The Composite 
Autonomic Symptom Scale (COMPASS) [6]. COMPASS is a survey instrument 
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developed at Mayo Clinic Autonomic Disorders Center, comprising 84 questions 
adopted from the ASP, addressing 11 autonomic domains. COMPASS-31 is a 
refined iteration of the original COMPASS that has condensed the survey to a set of 
54 questions by removing less meaningful and redundant questions in an effort to 
improve ease-of-assessment and internal consistency. Notably, this revised ques-
tionnaire removed syncope and erectile dysfunction from the assessed domains and 
combined gastroparesis, constipation, and diarrhea into a single gastrointestinal 
domain [7].

A more convenient clinical questionnaire is the Survey of Autonomic Symptoms 
or SAS. SAS is a set of 12 questions which allows the patient to endorse 12 varied 
health problems and grade their severity from 1 (“not at all”) to 5 (“a lot”). Symptoms 
listed include: lightheadedness, dry mouth/dry eyes, pale or blue feet, cold feet, 
decreased sweating in the feet either with exercise, hot weather, or compared to the 
rest of the body, increased sweating in the hands, nausea/vomiting/bloating after 
small meals persistent diarrhea, persistent constipation, urine leakage, erectile dys-
function if the patient is male. The complete tables SAS and ACP have shown good 
external consistency to each other when applied to patients with early diabetic neu-
ropathy. When receiver operating characteristic (ROC) curves were compared, there 
is also no significant difference in specificity between the tests for the tested sample 
group [8].

 Physical Exam

A physical examination of the autonomic nervous system from a neurologist’s per-
spective is systematic and relevant to the patient’s endorsed symptoms. Given the 
diverse constellation of symptoms related to autonomic function, there is value in 
developing a consistent foundation for all patients with concern for dysautonomia. 
In addition to the standard neurologic exam, several additional features with perti-
nence to patients presenting with suspicion for autonomic dysfunction are pre-
sented below.

Orthostatic vital signs should be taken in the supine, sitting, and standing posi-
tions for all autonomic patients in the clinical setting. Patients with a high suspicion 
for orthostatic intolerance should be instructed to record their heart rate and blood 
pressure at home. Data acquired at home are most useful when logged by patients 
consistently, and at the same time of day. One strategy is to advise patients to keep 
an over-the-counter BP cuff on their nightstand and measure vitals every morning 
upon awakening.

Pupils should be examined for anisocoria, afferent pupillary defects, and sac-
cadic eye movements. Unilateral miosis and ptosis suggest a possible cranial nerve 
3 palsy. Combined with anhidrosis, these three findings are consistent with Horner’s 
syndrome or oculosympathetic paresis. Reduced horizontal saccades can be a sign 
of degenerative central nervous system diseases that cause autonomic dysfunction. 
Impaired nystagmus or saccades may be caused by optic nerve pathology. The 
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presence of these features do not exclude the presence of cerebral or brainstem 
pathology. Damage to the optic tract and cortex may also cause impaired nystag-
mus, smooth pursuit, or saccades. The presence of a visual field deficit or oculomo-
tor apraxia would not be expected from solely a peripheral nerve pathology and a 
central cause should be considered.

Pinprick testing is helpful in assessing patients with diabetic neuropathy as 
length-dependent loss of large fibers can cause loss of pain sensation. Patients with 
small fiber neuropathy, either secondary to diabetes or otherwise, will be unable to 
confidently and consistently distinguish between light touch and pain. Light touch 
and vibration are innervated separately from pain and proprioception.

Patients will typically have shoes and socks removed for diabetic foot exams. 
This is a good opportunity to test length-dependent pain sensation. Using a safety 
pin, gently prick the skin without drawing blood at the sternum with a bare chest, 
where pain perception is expected to be preserved. In order to confirm full pain 
perception, pin prick at the chest is compared with the patient’s forehead and nape 
of neck. Using the location with most pain as the control group, the skin is pricked 
starting from the sole of the foot and moved proximally up the leg. The patient states 
when full pain is perceived, where the sensation of pain from the pin is equal to that 
of the chest, forehead, or nape of the neck. This examination is repeated for the 
upper extremities starting from the dorsal surface of the hand and continuing up the 
arm. If the full length of the extremity is reached without eliciting a full pain 
response, trial pinpricks on the torso and lower back should be performed. An alter-
nate approach is to have the patient label their pain sensation on the extremities as a 
percentage of full pain response compared to the control.

Patients with length-dependent diabetic neuropathy will elicit a length- 
dependent loss of pain sensation, also known as the “stocking-glove” pattern. 
Typically, if the loss of pain sensation rises superior to the knees, the upper extrem-
ities will also be involved starting with the fingertips. While this is the most identi-
fiable pattern of sensory loss, there are other patterns of sensory loss. Incongruous 
patches of sensory loss may be found in small fiber neuropathy and large fiber 
plexopathy, both of which may be secondary to diabetic neuropathy. Documenting 
the extent of involvement is a useful data point in tracking improvement or worsen-
ing of denervation.

Patients with large fiber diabetic neuropathy may also have hyporeflexia given 
involvement of peripheral neuropathy. Achilles and patellar reflexes may be 
decreased or absent when compared to age-equivalent counterparts. There is fre-
quently physiologic hyporeflexia in the elderly and hyperreflexia in children. The 
patellar reflex is frequently absent in patients who have undergone total knee arthro-
plasty. Diffusely brisk hyperreflexia in the elderly patient should be concerning for 
upper motor neuron pathology and would not be expected solely from peripheral 
nerve disease resulting from diabetes or other pathologies.

A skin exam may compliment the autonomic nervous system exam. Damage to 
sympathetic fibers may cause inappropriate skin flushing (hyperemia) and sudomo-
tor dysfunction (anhidrosis). This may also be noted in a length-dependent fashion 
on the extremities.
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Table 19.1 The composite autonomic scoring scale for laboratory quantification of generalized 
autonomic failure

Sudomotor index

   1. Single site abnormal on quantitative sudomotor axon reflex test or

    Length-dependent pattern (distal sweat volume) or

    Persistent sweat activity at foot
    [On thermoregulatory sweat test, anhidrosis present but <25%]a

   2. Single site <50% of lower limit on quantitative sudomotor axon reflex test
    [On thermoregulatory sweat test, anhidrosis 25–50%]a

   3. Two or more sites <50% of lower limit on quantitative sudomotor axon reflex test
    [On thermoregulatory sweat test, anhidrosis >50%]a

Adrenergic indexb

   1.  Phase IIc decrease of <40 but >20 mmHg mean BP or Phase III does not return to baseline 
or Decrease in pulse pressure to ≤50% of baseline

   2. Phase IIc decrease of <40 but >20 mmHg mean BP + phase III or IV absent
   3. Phase IIc decrease of >40 mmHg + absent phases III and IV
   4.  Criteria for 3 + orthostatic hypotension (systolic BP decrease of ≥30 mmHg; mean BP 

decrease of ≥20 mmHg)
Cardiovascular heart rate index

   1. HR&$$$; or VR mildly decreased (above 50% of minimum)
   2. HR&$$$; or VR decreased to <50% of minimum
   3. Both HR&$$$; and VR decreased to <50% of minimum

BP blood pressure, HR&$$$ heart rate response to deep breathing, VR Valsalva ratio
aCould be substituted for results of quantitative sudomotor axon reflex test
bPhases refer to components of the Valsalva maneuver: IIc and III = early and late portions, respec-
tive, of phase II

While no single test confirms autonomic neuropathy, the diagnosis of autonomic 
dysfunction should be supported with an arsenal of laboratory testing including 
orthostatic, cardiovascular, and skin histologic testing. The Composite Autonomic 
Scoring Scale (CASS) had been developed as a 10-point reflex screen involving 
sudomotor, adrenergic, and cardiovagal testing. A score of 5 or more would be con-
sistent on CASS to have autonomic failure [9]. CASS scores have been studied in 
patients with mild diabetic neuropathy and demonstrated weak specificity, implying 
a need to evaluate symptoms beyond the scale [10] (Table 19.1).

 Autonomic Testing

 Tilt Table Testing

Patients demonstrating impaired vasovagal reflex are prone to vasovagal and 
vasodepressor syncope. In vasovagal syncope, a positional change results in a sud-
den fall in BP and HR resulting in loss of consciousness, whereas in vasodepressor 
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syncope, only the BP falls. Syncopal events captured with tile table testing can 
assist with identifying the exact orthostatic intolerance [11].

 Cardiovagal Testing

Cardiovagal function can be evaluated by testing heart rate response to both deep 
breathing and the valsalva maneuver. In a physiologic Valsalva maneuver, the tem-
porary rise in thoracic and abdominal pressure will both decrease and narrow the 
gap between systolic and diastolic blood pressures. This is correlated to a simulta-
neous rise in heart rate followed by a rapid return to normotension and normocar-
dia [11].

Adrenergic failure due to autonomic dysfunction will result in delayed blood 
pressure recovery after an attempt at Valsalva. An impaired baroreflex prevents any 
physiologic rise in heart rate during this maneuver. Formal laboratory testing in 
autonomic function typically involves the patient sustaining a 15-s expiration 
against a fixed pressure resistance through a mouthpiece, while heart rate and 
breath-by-breath blood pressures are recorded.

Deep breathing is another form of cardiovagal testing wherein patients are 
instructed to breathe through a pCO2 mouthpiece at precisely 6 breaths per minute, 
or 5-s inhalation followed by a 5-s exhalation. Patients are instructed not to breath- 
hold or hyperventilate, which is verified by pCO2 monitoring. The difference in 
heart rate between end-of-expiration and end-of-inspiration is known as respiratory 
sinus arrhythmia (RSA). RSA values are usually averaged over 6 breath cycles after 
1 min of unrecorded deep breathing. The patient’s RSA is compared to a table of 
normative values stratified by age [12]. Impairment in the cardiac parasympathetic 
system causes a loss of physiologic heart rate change due to deep breathing.

 Sudomotor Function Testing

Sweat gland or sudomotor dysfunction may be indicative of loss of thermoregula-
tion, found in synucleinopathies such as MSA, Parkinson’s disease, or other causes 
of autonomic dysfunction. Signs of peripheral thermoregulation are predominately 
two mechanisms regulated by the hypothalamus: vasodilation, vasoconstriction, 
and sweat production. Unmyelinated postganglionic sympathetic C-fibers innervate 
eccrine sweat glands and are activated by acetylcholine [13].

Quantitative sudomotor axon reflex testing (QSART) is the most widely used test 
for sudomotor function over a limited surface area, typically the forearm, leg, or 
dorsal foot. The technique is able to characterize the topographic pattern for sweat 
across the sweat surface. Acetylcholine (10%) is administered transdermally via 
iontophoresis to the prepared skin, which activates the nicotinic and muscarinic 
receptors in the terminal nerve endings of the dermis, causing a local direct sweat 
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response. Sweat from glands in adjacent skin are evoked by collateral innervation of 
adjacent sudomotor nerve fibers and characterized as an indirect sweat response. 
Both sweat responses are quantified as a change in relative humidity over time and 
then compared to corresponding sweat output control values, usually grouped by 
sex and body location.

In presumed diabetic autonomic dysfunction, QSART sudomotor testing demon-
strates the loss of acetylcholinergic function with distal C-fibers, and the resulting 
postganglionic sudomotor dysfunction.

The Thermoregulatory Sweat Test (TST) is the gold standard for comprehensive 
sudomotor evaluation. Quinizarin color indicator dye is applied to the ventral skin 
surface of a patient in both humidity- and temperature-controlled rooms. The patient 
is then heated to 1 °C above baseline-measured temperature to a maximum of 38 
Celsius for up to 70  min. The percentage of anhidrotic skin and distribution of 
sweating patterns is digitally logged for analysis. The sweat pattern in diabetic neu-
ropathy typically shows length-dependent stocking distribution of impaired sweat 
gland function.

 Skin Biopsy for Immunohistochemistry

Intraepidermal nerve fiber density is correlated with the progressive loss of nerve 
fibers in diabetic autonomic neuropathy. The overall reduction in the sympathetic 
adrenergic innervation within the pilomotor muscles is correlated with the severity 
of diabetic neuropathy.

Skin biopsies 3 mm in diameter and 3–5 mm in depth are sampled from the distal 
leg or thigh, and the frozen sections are processed. Typical immunolabeling is applied 
with various stains to identify sweat gland basement membrane, epithelium, muscle 
errector pilorum, noradrenergic fibers, and sudomotor cholinergic fibers. Subsequent 
washes and antibody staining can be applied to the pathology in order to identify 
endothelium, sweat gland tubules, and other clinically relevant structures [14, 15].

Practically speaking, it is not necessary to send for pathology to confirm auto-
nomic neuropathy in diabetes. However, a skin biopsy sent to evaluate for small 
fiber neuropathy in patients can be useful in quantifying the severity of autonomic 
and peripheral nerve system disease. A decline in sudomotor and pilomotor nerve 
fiber density is also expected in prolonged nerve damage from diabetes and is asso-
ciated with high Hgb A1c levels [16]. A reduction in sympathetic adrenergic inner-
vation within pilomotor muscles correlates with the severity of diabetic neuropathy.

 Other Clinically Appropriate Testing

Erectile dysfunction or urodynamic insufficiency should be evaluated by Urology or 
Gynecology. If there is a clinical suspicion of autonomic dysfunction involving the 
gut, motility studies, including antroduodenal manometry [17], should be performed,.
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 Clinical Manifestations of Autonomic Dysfunction in DM

Early onset of type 1 diabetes results in a longer burden of disease with a resulting 
increase in diabetic-related complications seen in the aging population along with a 
lower quality of life in those adults with worse glycemic control [18]. Individuals 
with type 2 diabetes tend to develop diabetes-related complications at or early after 
diagnosis including neuropathy and nephropathy along with other micro- and mac-
rovascular impairments. This may be related to the delay in treatment of type 2 
diabetes as a result of individuals going undiagnosed for many years.

 Peripheral Neuropathy

The most common neurological manifestation of DM is peripheral neuropathy. The 
most common causes of peripheral neuropathy in the United States and Europe are 
pre-diabetes and type 2 diabetes (T2D). At least half of all diabetic patients, includ-
ing patients with type 1 diabetes (T1D), develop some form of neuropathy during 
their lifetime. Over 20 million Americans currently have neuropathy secondary to 
either pre-diabetes, T1D, or T2D, and this number will double as more Americans 
develop pre-diabetes and T2D.

Diabetes can produce several types of peripheral nervous system (PNS) damage. 
The most common type of nerve damage is bilateral and symmetrical damage to 
nerves of the feet, with a distal-to-proximal gradient of severity, known as a stocking- 
glove neuropathy. Because this pattern of nerve injury is so common, this neuropa-
thy is synonymously called diabetic neuropathy (DN) [19]. A similar pattern of 
injury occurs with pre-diabetes, supporting the idea that nerve injury secondary to 
diabetes is a continuum from normal glycemia to varying levels of hyperglycemia.

DN is primarily a disorder of sensory nerves, and, early in the course of DN, 
patients commonly experience positive sensory symptoms in the feet such as pain, 
tingling, and paresthesias as well as negative symptoms such as numbness; disor-
dered sensory processing may evoke pain when the feet are touched (allodynia) and 
increase sensitivity to noxious stimuli (hyperalgesia). Only much later in the course 
of the disease is there evidence of motor nerve dysfunction with distal weakness of 
the toes, or in extreme cases, the ankles and calves. The progressive loss of lower 
extremity sensation and subsequent motor weakness, results in loss of balance, falls, 
and a numb, insensate foot [20, 21].

 Orthostatic Hypotension

Orthostatic intolerance is common in patients with dysautonomia. Patients typically 
endorse symptoms provoked with change in posture from lying down, to sitting, and 
standing. Specifically, OH is defined as a drop in systolic blood pressure (SBP) of 
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at least 20  mmHg or a drop in diastolic blood pressure (DBP) of at least 10  mmHg 
within 3  min of standing. Symptoms range from lightheadedness, vision blurring, 
cognitive difficulty colloquially called “brain fog,” fatigue, or abnormal movements 
such as tremors. Patients may also complain of palpitations, dyspnea, or loss of 
consciousness as a result of impaired baroreflexes. Formal tilt table testing can 
assist in the formal diagnosis of Orthostatic Hypotension (OH) or Postural ortho-
static tachycardia syndrome (POTS).

A meta-analysis determined that the prevalence of orthostatic hypotension 
(OH) in DM was 24% (95% CI: 19%–28%). In this meta-analysis, HbA1c, hyper-
tension, and diabetic nephropathy were significantly associated with the increased 
risk of OH in DM. Therefore, it is vital to control the blood glucose and BP and 
delay the progression of diabetic nephropathy in diabetic patients. The risk factors 
associated with OH include older age; and comorbidities such as hypertension, 
congestive heart failure, and kidney disease [20, 21] along with the use of antihy-
pertensive drugs (including diuretics, vasodilators), tricyclic antidepressants, and 
insulin.

The prognosis of OH in DM is associated with a higher risk of total mortality and 
cardiovascular events. An orthostatic evaluation should also be a part of the diag-
nostic workup in diabetic patients.

POTS is defined as an increase in HR  >  30  bpm within 5  min of positional 
change without OH. A diagnosis of POTS almost always requires tilt table testing 
to rule out the presence of OH.

 Gastroparesis

Gastroparesis is a delayed gastric emptying in the absence of obstruction, a compli-
cation seen in patients with both T1D and T2D. It occurs with a prevalence of up to 
40% of gastroparesis in patients with T1D and 10–30% in patients with T2D. Over 
a 10-year period, approximately 5.2% of patients with T1DM developed gastropa-
resis, whereas 5 times fewer (1%) patients with T2DM developed gastroparesis over 
that same period [22].

Symptoms associated with gastroparesis, such as early satiety, prolonged full-
ness, nausea, vomiting of undigested food, and bloating are some of the most com-
mon complaints and affect the patient’s quality of life. Nausea is the most common 
symptom; however, other causes of nausea such as gastroesophageal reflux disease 
(GERD) or constipation or gallbladder disease, common disorders in patients with 
diabetes, must be considered. Gastroparesis also affects nutrient absorption, and, as 
a result it may affect medication absorption, which, in turn, affects glucose control. 
Nausea typically worsens postprandially. Symptoms are similar in patients with 
T1DM and T2DM, although patients with T2DM tend to have more fullness and 
bloating [23]. Tests to evaluate for the presence of gastroparesis and gastric dys-
rhythmias include nuclear medicine scintigraphy, wireless capsule endoscopy, and 
electrogastrography (EGG).
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 Temperature and Sweat Changes

Patients with T1D and T2D may have abnormal core body temperature control and 
encounter difficulties with body heat dissipation. This occurs primarily through 
decreased capacity of eliminating heat through sweat production in warmer tem-
peratures or due an attenuated capacity to increase metabolic heat production and 
decrease skin blood flow during cold exposure. More specifically, the patients have 
lower skin blood flow and sweating responses during heat exposure which can have 
important consequences on cardiovascular regulation and glycemic control.

This presence and severity of the temperature and sweat dysregulation in patients 
with T1D is directly correlated with longer disease duration [24].

 Pathophysiology of Diabetic Autonomic Neuropathic Changes

The pathophysiology of DN is multifactorial with structural and metabolic altera-
tions within axons, Schwann cells, and microvascular elements within the endoneu-
rium and extracellular matrices [25]. Newer findings suggest that changes in the 
endoneurial capillary morphology and vascular reactivity are present before the 
development of diabetic neuropathy [26]. In addition, there is an association 
between the level of endoneurial hypoxia and reductions in nerve conduction veloc-
ity [27]. There are a number of pathways felt to be at play in diabetic neuropathy 
(Fig. 19.3).
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Fig. 19.3 Diabetic neuropathy
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Increased glycolysis in response to excess glucose disrupts several metabolic 
pathways that can promote neuronal injury. The glycolysis intermediate fructose- 6- 
phosphate enters the hexosamine pathway and undergoes a series of reactions to 
form uridine 5-diphosphate-N-acetylglucosamine (GlcNac). GlcNac is one of the 
sugar moieties that bind serine/threonine residues on common transcription factors, 
such as Sp-1, promoting lipid dyshomeostasis, inflammation, and injury of 
complication- prone tissues, including peripheral nerves [28]. Increased glycolysis 
leads to the accumulation of another intermediate, dihydroxy-acetone phosphate, 
which is converted to diacylglycerol (DAG). Increases in DAG are also well docu-
mented in complication-prone tissues, especially nerves, where DAG activates neu-
ronal Protein Kinase C (PKC) [29]. Activated PKC leads to multiple metabolic 
impairments that range from insulin resistance to disrupting the function of Na/K 
ATPase to altering gene expression of vascular endothelial growth factor (VEGF) 
and transforming growth factor β (TGF-β), leading to vasoconstriction, hypoxia, 
and neuronal damage [30].

In the polyol pathway, intracellular glucose is converted to sorbitol by the rate- 
limiting enzyme aldose reductase [31]. The activation of this pathway may result in 
osmotic damage and diminution of Na+/K+-ATPase activity [32]. These processes 
lead to increased intracellular oxidative stress [33].

 Oxidative Stress

Oxidative stress is considered a central facet in the development of diabetes and 
associated micro- and macrovascular complications.

 Tumor Necrosis Factor-Alpha

Cytokines are produced by cells from the immune system including mast cells, 
Schwann cells, fibroblasts, and sensory neurons. Tumor necrosis factor-alpha (TNF- 
α) is a potent systemic pro-inflammatory cytokine and is a central component of the 
inflammatory response, in various immune-mediated inflammatory diseases. It is a 
pathophysiological feature of such disorders, such as rheumatoid arthritis, which 
are characterized by chronic inflammation. TNF-α is produced in Schwann cells 
and has a role in peripheral nerve regeneration and regulation of apoptosis. T2DM 
patients with neuropathy have higher levels of TNF-α compared to patients without 
neuropathy and healthy controls [34]. In addition, treatment with anti-TNF-α mono-
clonal antibody in an animal model of painful diabetic neuropathy exhibited a neu-
roprotective effect [35].

 Mitochondrial Dysfunction and Diabetes

Accumulating data suggest that Schwann cells (SCs) are much more than passive 
insulators for axons. SCs may be critical sensors of axonal activity and provide the 
needed energy for axonal function. Thus, an emerging idea is that disruption of the 
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normal “bioenergetic cross-talk” between SCs and axons during T2D underlies 
DN. It is possible that this reprogramming leads to SC insulin resistance and axonal 
starving. Alternatively, substrate overload from the SCs to the myelinated axon 
results in pH changes and/or axonal mitochondrial injury, characterized by mitoph-
agy and/or the transfer of toxic lipid species from affected SCs to the axonal com-
partment, leading to mitochondrial injury. Collectively, these insults to mitochondria 
in experimental diabetes result in loss of axonal energy stores and axonal injury, 
promoting DN [36].

Axons are highly vulnerable to diabetes-mediated injury due to their abundant 
expression of ion channels. Axons are known to express a number of distinct 
voltage- gated sodium channels (VGSCs) as well as the Na+Ca2+ exchanger isoform 
2 (NCX2) in their termini [37]. Na/K ATPase is required to export intra-axonal Na+ 
that accumulates following action potential propagation; however, this function 
fails when ATP levels are below normal. This, in turn, leads to increased intra- 
axonal Na+, reversal of the NCX2, increased intracellular Ca2+, and axonal 
degeneration.

 Interventions for Autonomic Dysfunction

 Conservative Therapies for Orthostatic Hypotension

Drinking water and increasing salt intake increase plasma volume, which help to 
maintain blood pressure upon standing. The recommended daily intake of water is 
2.0 L/day and of sodium chloride is 3–6 g [38]. Increasing fluid intake has been 
shown to have a positive effect comparable to that of orthostatic hypotension medi-
cations [39, 40] and has only mild adverse outcomes. The salt may be incorporated 
into meals or can be supplemented in tablets. Patients may find electrolyte tablets or 
liquids easier to tolerate than salt tablets. Fluids and electrolytes should be concen-
trated in the morning and afternoon and minimized after dinner to reduce nocturia 
[41]. High-salt intake must be monitored carefully because it may lead to cardiovas-
cular complications [42].

Compression stockings reduce venous pooling in the lower extremities and pro-
mote venous return and cardiac output. The categories of compression stockings 
include knee-length, thigh-length, full-length, and abdominal compression. The 
current literature reports modest efficacy and inconsistencies in the degree and loca-
tion of compression. Although compression stockings provide orthostatic relief, 
there are challenges with compliance. Leg compression sleeves at 20mmHG which 
do not cover the feet are the easiest to put on and are associated with the best com-
pliance. This is an important component of the therapeutic plan. The stockings 
should be put on in the morning and worn when the patient is out of bed. Compression 
stocking use is advised during exercise, with larger stockings producing better 
results. Ideally, if tolerated, a patient should wear full-length lower extremity stock-
ings producing a pressure of 30–40 mmHg. Abdominal compression can addition-
ally reduce pooling in the splanchnic circulation [43, 44].
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 Pharmacological Management for Orthostatic Hypotension

In most cases, pharmacological treatments are administered with non- 
pharmacological treatments. These medications have different mechanisms of 
action and are often used in combination.

 Fludrocortisone

Fludrocortisone, primarily used for adrenocortical insufficiency in both the USA 
and Europe, is a first-line monotherapy agent to manage orthostatic hypotension. 
The recommended dose is 0.1–0.2 mg/day, and it can take up to 5 days to see the full 
effects. Fludrocortisone acts as a systemic corticosteroid increasing sensitivity to 
circulating catecholamine [45]. Fludrocortisone is often the first medication added 
to help in the management of orthostatic hypotension as it increases plasma volume. 
Because fludrocortisone acts by intravascular volume expansion, its pressor effect is 
gradual. Fludrocortisone elevates both standing systolic and diastolic blood pres-
sure [46, 47] and decreases orthostatic symptoms [48]. Patients should be moni-
tored for hypokalemia and hypomagnesemia. It can also cause supine hypertension, 
and therefore is not recommended for patients with congestive heart failure or 
chronic renal failure.

 Midodrine

Midodrine, a peripheral α-1 adrenoceptor agonist, exerts a pressor effect on both 
venous and arterial constriction, and is effective 1 h after ingestion [49]. The recom-
mended dose (typically given in the morning, noon, and afternoon to avoid supine 
hypertension in the evening) is up to 10 mg three times daily; each dose typically 
lasts for 4 h, consistent with blood levels of the active metabolite desglymidodrine. 
In double-blind studies, midodrine gave a dose-dependent increase in mean stand-
ing systolic blood pressure and resulted in significantly higher mean global improve-
ment of orthostatic symptoms scores compared with placebo [50, 51]. Other 
potential side effects include piloerection, itchiness, and urinary retention [52]. 
Midodrine is often used in combination with fludrocortisone and/or droxidopa 
although clinical trials evaluating these combinations have not been conducted.

 Droxidopa

Droxidopa (L-threo-dihydroxyphenylserine) is a synthetic prodrug that is converted 
into norepinephrine by the ubiquitous enzyme dopa-decarboxylase. In numerous 
trials, droxidopa decreased postural drop in patients with orthostatic hypotension 
[53]. In a recent phase III clinical trial, droxidopa improved Orthostatic Hypotension 
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Symptom Assessment and Orthostatic Hypotension Daily Activity Scale in patients 
with neurogenic orthostatic hypotension [54]. Droxidopa treatment increased stand-
ing systolic blood pressure, reduced dizziness upon standing, and reduced the num-
ber of falls. Droxidopa is safe and well tolerated by patients with symptomatic 
neurogenic orthostatic hypotension [55]. Furthermore, it did not significantly 
increase supine blood pressure in the evening, thereby minimizing the risk for 
supine hypertension overnight [56]. The US FDA-recommended dose is 300–600 mg 
three times daily.

 Pyridostigmine (Mestinon)

Pyridostigmine is a cholinesterase inhibitor that improves neurotransmission at 
acetylcholine-mediated neurons of the autonomic nervous system. In a double-blind 
crossover study, patients were randomized to groups receiving 60 mg of pyridostig-
mine; 60 mg of pyridostigmine with 2.5 mg of midodrine; 60 mg of pyridostigmine 
with 5 mg of midodrine; or placebo. Compared with the placebo group, treatment 
groups demonstrated a decreased drop in standing diastolic blood pressure without 
worsening supine hypertension. Adverse effects include loose stools, diaphoresis, 
hypersalivation, and fasciculations [57].

 Treatment of Neuropathic Pain

 Tricyclic Antidepressants

TCAs are one of the most studied antidepressants for the treatment of neuropathic 
pain. They have been shown to be effective in the treatment of peripheral neuropa-
thy, post-herpetic neuralgia, and neuropathic pain, post-spinal cord injury and of 
limited effect in radiculopathy, HIV, and chemotherapy-induced peripheral neurop-
athy [58].

TCAs have multiple modes of action, with the most important pain-relieving 
effect likely being via inhibition of serotonin and noradrenaline re-uptake [59]. 
However, they also block histamine, adrenaline, acetylcholine, and sodium chan-
nels, accounting for their broad side effect profile [60]. Caution is required in the 
use of TCAs in the elderly and frail to avoid potential adverse effects such as falls, 
cardiac arrhythmias, orthostasis, urinary retention, and dry mouth.

 Serotonin and Norepinephrine Reuptake Inhibitors

Serotonin and norepinephrine reuptake inhibitors (SNRIs) are considered first-
line treatment in multiple international guidelines [61]. The most commonly 
studied are duloxetine and venlafaxine. They facilitate descending inhibition by 
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blocking serotonin and noradrenaline reuptake [62]. They have been shown to be 
effective in peripheral diabetic neuropathy and painful peripheral neuropa-
thy [63].

 Gabapentinoids Include Gabapentin and Pregabalin

They are a group of anticonvulsant medications that act by blocking presynaptic 
alpha-2-delta calcium channels in the dorsal horn, inhibiting neurotransmitter 
release [64]. They are considered first-line agents in the treatment of neuropathic 
pain by multiple international societies [65]. Gabapentin and pregabalin both have 
been shown to be effective in post-herpetic neuralgia and diabetic peripheral neu-
ropathy [66].

Gabapentinoids should be trialed for a 4- to 6-week period with 2 weeks at the 
maximum tolerated dose [67]. Poorly tolerated side effects or inadequate pain relief 
should prompt dosage adjustment, cessation of the medication, progression to other 
first line agents, or a trial of combination therapy. The most common adverse effects 
include somnolence, fatigue, dizziness, and lower extremity edema [68].

 Combination Therapy

Combination therapy may increase efficacy and, as a result of the smaller doses of 
the individual drugs, have less side effects. No one drug is effective for all patients, 
and, as seen above, pain relief is usually partial and side effects limit tolerability. 
Not surprisingly, 45% of those with neuropathic pain utilize two or more medica-
tions for their pain [69]. Ninety percent of patients with painful DN require multiple 
medications for their pain [70].

In diabetic peripheral neuropathy, nortriptyline plus pregabalin was shown to be 
more effective at decreasing pain than monotherapy [71]. Similarly, the combina-
tion of the TCA, imipramine, and pregabalin saw improved pain scores, with an 
average two-point (31%) decrease on the Numeric Pain Rating Scale (NPRS) scale, 
significantly greater than pregabalin or imipramine alone; however, side effects 
were higher [72]. Combination therapy should be trialed for the trial duration of the 
second medication and ceased if ineffective or if there are significant side effects.

 Future Research: GLP1

Like insulin, glucagon-like peptide 1 (GLP-1) may have direct trophic actions on 
the nervous system, but its potential role in supporting diabetic sensory neurons is 
uncertain. There are significant GLP-1 receptors on dorsal root ganglia sensory neu-
rons of diabetic and nondiabetic mice. Exendin-4, a GLP-1 agonist, increased neu-
rite outgrowth of adult sensory neurons in vitro.
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High-dose insulin alone reversed hyperglycemia in type 1 diabetic mice, partly 
reversed thermal sensory loss, improved epidermal innervation but failed to reverse 
electrophysiological abnormalities. Exendin-4 improved both sensory electrophysi-
ology and behavioral sensory loss. Low-dose insulin was ineffective.

In type 2 diabetes, hyperglycemia was uncorrected, and neither insulin nor exen-
din- 4 reversed sensory electrophysiology, sensory behavior, or loss of epidermal 
axons. However, exendin-4 alone improved motor electrophysiology. These results 
suggest that although GLP-1 agonists and insulin alone are insufficient to reverse all 
features of diabetic neuropathy, in combination, they might benefit some aspects of 
established diabetic neuropathy [73].
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Chapter 20
Diabetes and Erectile Dysfunction

Priyanka Bearelly, Sarah A. Moore, Gabriella Avellino, and Dicken S. C. Ko

 Introduction

Metabolic syndrome describes a constellation of cardiovascular risk factors that 
include elevated blood pressure, insulin resistance, hyperlipidemia, and central obe-
sity. The global prevalence is increasing and is a significant cause of morbidity and 
mortality [1]. The implications of metabolic syndrome include the development of 
type 2 diabetes mellitus (T2DM), coronary artery disease (CAD), hypertension 
(HTN), and other ailments.

Persistent hyperglycemia, such as in T2DM, can lead to heart disease and stroke. 
Further health issues such as peripheral neuropathy, nephropathy, retinopathy, and 
sexual dysfunction are known complications of T2DM. Similarly, HTN can lead to 
heart failure, coronary artery, stroke, nephropathy, peripheral vascular disease, and 
vascular dementia. In both disorders, sexual dysfunction is an unfortunate compli-
cation. Although not life threatening, it can have significant psychological effects, 
such as depression, anxiety, self-esteem issues, and overall reduced quality of life 
[2]. Erectile dysfunction (ED) is characterized by the inability to obtain and or 
maintain an erection sufficient for sexual activity [3]. Before understanding the 
diagnosis and management options, it is crucial to understand the interplay between 
ED and these chronic diseases as they are intimately connected.
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 Epidemiology

The global prevalence of T2DM in 2019 was estimated to be 463 million people 
(9.3%) and projected to rise to 578 million (10.2%) by 2030 and 700 million (10.9%) 
by 2045 [4]. Likewise, in 2010, there was an estimated 1.38 billion people, or 31.1% 
of the global population, meeting HTN criteria [5]. This number is projected to 
increase to 1.56 billion people worldwide by year 2025 [6].

As these numbers rise, medical professionals are facing further challenges in 
treating such complex patients. Among many cardiovascular complications, erectile 
dysfunction (ED) is a common consequence of chronic illnesses such as T2DM, 
HTN, and CAD. Andrologists have seen an increase in patients presenting with ED, 
including those belonging to a younger age group. Classically, ED has been consid-
ered an age-dependent disease and more common in men older than 40  years. 
However, recent data suggests that the prevalence of ED even in men less than age 
40 has been increasing [7, 8]. Although psychogenic ED is commonly identified in 
younger individuals, metabolic disorders are more frequently diagnosed as the cul-
prits in this age group. Other known risk factors for developing ED include tobacco 
use, obesity, and lack of physical activity [9, 10].

ED’s global prevalence has been documented to be as high as 76% across several 
studies that include men aged 18 to 80 years [11]. The significance is that ED may 
be a sole presenting sign of an underlying undiagnosed cardiometabolic disease and 
should be evaluated as such. Montorsi et al. found that in 147 patients with ED and 
CAD, approximately 67% of patients presented with ED symptoms before CAD 
[12]. Understanding the relationship between ED and common cardiometabolic dis-
orders is essential for providers to maintain a global view and to have a higher index 
of suspicion to identify these severe illnesses at earlier stages.

 Physiology of Erectile Function

 Basic Anatomy

Smooth muscle dilation, adequate systolic arterial inflow, occlusion of venous out-
flow, and an intact neurologic system are necessary to achieve an erection. The 
penile anatomy is comprised of two dorsally located corpora cavernosa and one 
ventral corpus spongiosum. The corpora cavernosa are filled with sinusoids and 
smooth muscle cells that are ultimately responsible for erections, and the corpus 
spongiosum encases the urethra. The tunica albuginea is an elastin-rich multilayer 
covering of the corpus cavernosum that houses emissary veins between the layers. 
Compression of these emissary veins allows for more efficient blood trapping dur-
ing erections.
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The internal iliac artery gives off the internal pudendal artery, which becomes the 
common penile artery, dividing into three branches (dorsal artery, bulbourethral 
artery, and cavernous artery) that will supply the penis. The cavernous artery runs in 
the center of the corpora cavernosa, gives off helicine arteries, and is responsible for 
adequate blood flow during erections.

From a neurologic standpoint, the cavernous nerves contain sympathetic and 
parasympathetic nerve fibers that relay fibers to the dorsal nerves, which travel atop 
the penile shaft. Sacral parasympathetic input and thoracolumbar sympathetic input 
will join the pelvic nerve plexus where the cavernous nerve emerges. Parasympathetic 
input stimulates erections while sympathetic input initiates detumescence.

 Mechanism of Erectile Function

Understanding the multiple pathways that mediate erections can clarify the ratio-
nale behind the various treatment options for erectile dysfunction. In the flaccid 
state, the smooth muscle of the corpus cavernosum is tonically contracted. Smooth 
muscle contraction is mediated by two primary pathways: an increase in cytosolic 
calcium that signals smooth muscle contraction and the Rho kinase pathway that 
serves as a calcium sensitizing mechanism.

Several pro-erectile factors include nitric oxide (NO), prostaglandin E1 (PGE1), 
papaverine, and phentolamine. NO released from nonadrenergic/noncholinergic 
(NANC) nervous endings is the primary neurotransmitter that facilitates erections 
via a decrease in cytosolic calcium concentration. NO synthase (NOS) controls the 
production of NO either in the cavernous nerve terminals by nNOS or in the endo-
thelium by eNOS. NO diffuses into smooth muscle cells and activates the conver-
sion of guanosine triphosphate (GTP) to cyclic guanosine monophosphate (cGMP) 
via guanylyl cyclase [13]. Phosphodiesterase 5 (PDE5) is responsible for the break-
down of cGMP, and thus PDE5 inhibitors are used as a standard treatment option for 
erectile dysfunction by preventing the degradation of cGMP [14].

Similarly, alprostadil, a PGE1 analog, activates adenosine triphosphate conver-
sion (ATP) to cyclic adenosine monophosphate (cAMP). Papaverine works to pre-
vent the degradation of cAMP by inhibiting PDE 2, 3, and 4. Overall, increased 
cGMP levels and cAMP lead to decreased intracellular calcium and thus allow for 
erections [15]. Phentolamine, a nonselective alpha-receptor blocker, acts via a 
slightly different mechanism than the other molecules. Typically, activation of the 
alpha-1 receptor on the smooth muscle cell will raise inositol triphosphate and sub-
sequently initiate a release of calcium from the sarcoplasmic reticulum. The 
increased cytosolic calcium levels lead to smooth contraction. In contrast, blockade 
of this mechanism with the use of phentolamine promotes smooth muscle dilation 
and erections.
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 Clinical Evaluation of Erectile Function

There are several validated instruments used as an initial evaluation tool to deter-
mine the presence of ED.  Two commonly used questionnaires include the 
International Index of Erectile Function (IIEF) and the Sexual Health Inventory for 
Men (SHIM). IIEF is a 15-item multidimensional self-administered questionnaire 
categorized into five different domains: erectile function, orgasmic function, sexual 
desire, intercourse satisfaction, and overall satisfaction [16]. The SHIM is an abbre-
viated 5-item form of the IIEF intended to be a more simplified tool for patients and 
physicians [17].

 Erectile Dysfunction and Diabetes Mellitus

Diabetes mellitus is an endocrine disorder that is commonly divided into two sub-
types. Type I diabetes mellitus (T1DM) is characterized by young age at presenta-
tion and autoantibodies against pancreatic islet β-cell antigens [18]. Type II diabetes 
mellitus (T2DM) is more prevalent and an acquired chronic illness among older age 
groups. Diabetes is accompanied by elevated blood glucose levels secondary to 
inadequate insulin or ineffective response to the insulin.

 Molecular Mechanisms of ED in T2DM

There are several mechanisms by which T2DM can lead to erectile dysfunction, 
although not all details are well understood (Fig.  20.2). Inadequate vasodilation 
may occur as a result of somatic or autonomic nerve dysfunction [19]. It is proposed 
that T2DM can lead to decreased nNOS activity or endothelial dysfunction and, 
thus, overall decreased NO expression. Recall that nNOS is critical in the synthesis 
of NO at cavernous nerve terminal endings. An additional proposed mechanism is 
that the subsequent hemodynamic changes and shear stress that occur during early 
erections then lead to activation of eNOS to further release NO [20]. Endothelial 
dysfunction, in addition to decreased expression of vascular endothelial growth fac-
tor (VEGF), may lead to impaired or decreased eNOS activity. In ordinary circum-
stances, VEGF promotes endothelial cell proliferation and angiogenesis and 
increases eNOS phosphorylation and activity. Another likely contributing factor is 
oxidative stress. T2DM can lead to a persistent inflammatory state secondary to 
chronic hyperglycemia. In turn, the reactive oxygen species (ROS) that form can 
result in endothelial dysfunction and other forms of cellular damage [21]. An addi-
tional hypothesis that has been studied in mouse models is that insulin resistance 
and hyperinsulinemia can lead to upregulated sympathetic activity and, ultimately 
smooth muscle contraction [19].
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 Erectile Dysfunction and Hypertension

An interplay exists between hypertension and erectile dysfunction, stemming from 
their shared origin in vascular abnormality and endothelial dysfunction. Hypertension 
is the leading modifiable risk factor for cardiovascular disease and all-cause mortal-
ity worldwide. In 2017, the American College of Cardiology and American Heart 
Association Task Force on clinical practice guidelines redefined HTN in adults as 
systolic BP ≥ 130 mmHg and/or diastolic BP ≥ 80 mmHg. This change was based 
on multiple studies indicating a significant increase in the risk of developing cardio-
vascular disease with increased blood pressure above systolic BP 115 mmHg, as 
well as data showing that intensive blood pressure lowering reduces cardiovascular 
disease and all-cause mortality to a greater extent than does standard blood pressure 
lowering to a target of systolic BP ≤ 140 mmHg [22].

 Structural Changes Caused by HTN Leading to ED

Certain pathophysiologic modifications that may result from endothelial dysfunc-
tion and tissue remodeling have been reported within the penis that mirror changes 
found hypertensive patients’ blood vessels, including increased medial wall thick-
ness and reduced vessel lumen diameter. These alterations seen in the systemic vas-
culature of hypertensive patients may similarly affect the small penile vessels in 
addition to the pudendal arteries, leading to a global decrease in blood supply to the 
penis necessary for firm erection achievement [23]. Experimental animal models 
have shown that ultrastructural pathologic changes occur in hypertensive rats, 
including decreased elastin and collagen content within the penile cavernosal sinus, 
thinned out tunica albuginea, and increased vascular resistance within penile vessels 
[24]. There is also an association between the degree of arterial hypertension and the 
degree of vascular smooth muscle proliferation and fibrosis within penile arteries. 
These changes limit arterial inflow to the cavernosal sinus leading to decreased erec-
tion rigidity [25]. Finally, there is a similar association between arterial hypertension 
and degree of smooth muscle proliferation within the cavernosal tissue itself, limit-
ing the capacity of the smooth muscle relaxation mechanism necessary for penile 
engorgement [25]. Additional proposed structural relationships between hyperten-
sion and erectile dysfunction related to inflammatory response, neural changes, 
Schwann cell degeneration, and genetic factors continue to be investigated [26].

 Erectile Dysfunction as a Marker of Cardiovascular Disease

Erectile function is dependent mainly on vascular and nervous system health. So, it 
is not surprising that ED is an unfortunate sequela of both HTN and DM in both 
early and late stages of the diseases. Furthermore, macro- and microvascular 
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complications are well-known consequences of these chronic illnesses, which over-
all lead to a higher risk of cardiovascular disease. Nonetheless, in the absence of 
HTN or DM, vasculogenic ED is a manifestation of the same disease process that 
leads to clinical cardiovascular disease.

Several animal and human studies have now documented the relationship 
between ED and T2DM. It is estimated that the incidence of ED is 2–3 times higher 
in men with T2DM [27, 28]. ED often presents within 10 years of the DM diagno-
sis. In men who present with ED alone, up to 12% will have underlying undiag-
nosed DM. For this reason, ED should be considered a marker of disease and should 
trigger screening for T2DM [29].

Similarly, approximately 30% of hypertensive male patients concomitantly 
endorse ED. The prevalence of ED is often higher, and the extent of ED is often 
more severe in patients with hypertension when compared to an age-matched gen-
eral population [30, 31]. In men who report symptoms of ED alone, approximately 
8–10% will have undiagnosed HTN at the time of presentation [32]. A large survey 
of 7689 men demonstrated that ED was present in 67% of men who had hyperten-
sion alone, in 71% with diabetes only, and 77% of men who had both [33].

Besides HTN and DM, additional risk factors include smoking, obesity, age, 
metabolic syndrome, and hyperlipidemia. ED may be the first presenting symptom 
of a more serious systemic illness, and it may manifest up to 5 years before a car-
diovascular event [34]. A meta-analysis of 36,744 patients revealed that compared 
to men without ED, men with ED may experience an increased risk to 48% for 
cardiovascular disease, 46% for coronary artery disease, 35% for stroke, and 19% 
for all-cause mortality [35]. The 2018 American Urological Association Guidelines 
on ED underscores the importance of considering ED as a marker for cardiovascular 
disease [36]. With mounting evidence in this field, other major societies are likely 
to adopt these recommendations into their guidelines as well.

 Treatment of Hypertension

Multiple non-pharmacologic interventions aimed to lower blood pressure include 
dietary modification (low salt, high potassium), moderation of alcohol consump-
tion, weight loss, and increased aerobic physical activity [37]. Beyond lifestyle 
modifications, pharmacologic agents are the next step. Certain antihypertensive 
agents are also known to cause erectile dysfunction, with higher reported cases of 
erectile dysfunction seen in patients receiving combination therapy [38]. This begs 
the question of whether some hypertensive patients develop erectile dysfunction as 
part of their shared pathophysiology or as a sequela of their hypertensive treatment. 
Furthermore, the medication side effect of erectile dysfunction has also been cited 
as a reason for antihypertensive medication noncompliance [39]. Numerous agents 
are on the market to assist in blood pressure control including thiazide diuretics, 
beta-blockers, angiotensin-converting enzyme (ACE) inhibitors and angiotensin II 
receptor blockers (ARBs), and calcium channel blockers.
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 Thiazide Diuretics

Thiazide diuretics have historically been among the most implicated class of antihy-
pertensives to cause erectile dysfunction. They work to reduce blood pressure by 
decreasing sodium reabsorption by inhibiting the NA+/Cl- co-transporter within the 
distal convoluted tubule. As sodium and water are excreted, plasma volume is 
decreased and cardiac output decreases, driving a systemic response toward vasodi-
lation. Thiazides have also been found to have some adverse metabolic side effects 
such as increased serum blood sugar, increased serum triglycerides, increase total 
cholesterol, and increased serum uric acid [40]. The mechanism for thiazide-induced 
erectile dysfunction has been hypothesized to be due to alterations in these metabo-
lite levels or possibly related to volume depletion [41]. Multiple clinical trials have 
supported the finding that thiazides exert a negative effect on sexual function, 
whether used as monotherapy or adjunct therapy [42]. The Treatment of Mild 
Hypertension Study (TOMHS) reported that patents randomized to thiazide diuretic 
use experienced a significantly higher incidence of erectile dysfunction at 2 years 
than participants randomized to placebo, although this difference was not statisti-
cally significant at 4 years [43]. The Trial of Antihypertensive Interventions and 
Management (TAIM) study additionally suggested that men receiving thiazide 
diuretics experienced worsening of their erectile function when compared to those 
taking a beta-blocker and those receiving a placebo [44]. Consideration of these 
possible effects on erectile dysfunction should be taken when counseling hyperten-
sive patients on their pharmacotherapy treatment options.

 Beta-Blockers

Beta-blockers are a commonly used antihypertensive medication that has also been 
widely associated with sexual dysfunction. A large variety of beta-blocker formula-
tions exist that vary in their β1/β2 selectivity, sympathomimetic activity, and vaso-
dilatory capacity [30]. They function to lower blood pressure by reducing cardiac 
output, suppressing the renin-angiotensin-aldosterone (RAAS) system, and decreas-
ing adrenergic outflow from the central nervous system to promote vasodilation 
[45]. There are multiple proposed etiologies for how beta-blockers contribute to 
erectile dysfunction including peripheral vasoconstriction, interaction with the 
adrenergic processes involved with erection and ejaculation, and reduction of tes-
tosterone levels [26].

The long-standing association between beta blockade and sexual function is sup-
ported by a number of studies. In particular, atenolol and carvedilol have both been 
shown to significantly reduce the number of sexual intercourse events that hyperten-
sive patients engage in per month [46–48]. While older generations of beta-blockers 
have been historically implicated in worsening sexual function, newer formulations 
may have promising neutral and even beneficial effects on erectile function. A study 
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by Brixius et al. demonstrated that the substitution of metoprolol for nebivolol sig-
nificantly improved IIEF scores in hypertensive patients, while both medications 
performed equivalently in lowering blood pressure [49]. This spectrum of effects on 
sexual function should be considered carefully when determining which beta- 
blocker therapy may be most appropriate for the individual hypertensive patient.

 Calcium Channel Blockers

Calcium channel blockers exert their effect by blocking the transmembrane flow of 
calcium ions through voltage-gated L-type (slowly inactivating) channels leading to 
smooth muscle relaxation and vasodilation. This calcium signal blockage within the 
adrenal cortex decreases aldosterone production leading to additional antihyperten-
sive effect, and nondihydropyridine-type calcium channel blockers specifically 
decrease myocardial contractility [50, 51].

In the literature, calcium channel blockers have been shown to exhibit a largely 
neutral effect on sexual function. In animal studies, amlodipine did not provide any 
protective role against structural changes in the vessels and cavernous spaces of 
erectile tissue caused by systemic hypertension [52]. In clinical study, nifedipine 
has been linked to decreased sexual desire, erectile dysfunction, and difficulty with 
ejaculation upon initiation of daily treatment; however, these symptoms were no 
longer reported at long-term follow-up [46]. In contrast, nifedipine and diltiazem 
may have an overall beneficial effect upon sexual function and satisfaction, although 
these effects were not statistically significant [53]. Overall, calcium channel block-
ers are effective antihypertensive agents and appear less detrimental to sexual func-
tion than other common medications currently available.

 ACE Inhibitors

ACE inhibitors are effective antihypertensive agents due to their direct effect on 
the renin-angiotensin-aldosterone system (RAAS). They act to reduce angioten-
sin-II production and attenuate the degradation of bradykinin, a potent vasodilator 
and stimulator of nitric oxide release [26]. The RAAS system has been shown to 
have direct expression within the cavernosal tissue where it acts to modulate 
smooth muscle contraction and tone. In fact, higher levels of angiotensin II are 
found in the corpus cavernosum when compared to the systemic circulation [54]. 
Animal studies have indicated that hypertensive rats treated with captopril had 
improved erectile response while simultaneously returning blood pressure to con-
trol levels [55].

This potentially beneficial effect of ACE-i upon erectile function has not been 
reliably demonstrated in human studies. One study found that untreated 
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antihypertensive patients initiated on lisinopril endorsed a significant decrease in 
sexual activity during the first month of therapy, but recovered to baseline sexual 
activity at 3 month follow up [47]. A similar effect on sexual function has been seen 
with enalapril and captopril [46, 56]. This apparent discrepancy between expected 
benefit in erectile function with ACE inhibition may be explained by a feedback 
mechanism which allows for angiotensin breakthrough. Monotherapy with an 
ACE-i increases the concentration of circulating angiotensin I due to a loss of feed-
back inhibition of angiotensin II on renin secretion. Increased angiotensin I in turn 
may partially mitigate the ACE inhibiting effect of the antihypertensive medicine, 
restoring concentrations of active angiotensin II back toward pretreatment levels 
[57]. Overall, the present data suggests that ACE-i medications confer a neutral 
effect on sexual dysfunction but may have the potential for therapeutic benefit as our 
understanding of the complex RAAS pathway evolves.

 ARBs

Of all the available antihypertensive agents, ARBs have been shown to have the 
largest overall positive effect on erectile function. ARBs are a newer class of antihy-
pertensive agents that influence the RAAS pathway by providing competitive antag-
onism at angiotensin II receptors. This mechanism of action allows this medication 
class to overcome the issue of angiotensin breakthrough seen with ACE-i as 
described above [58]. Animal studies have shown that intracavernosal injection of 
angiotensin II caused contraction of cavernosal smooth muscle and terminated 
spontaneous erection, whereas administration of losartan increased intracavernosal 
pressure in a dose-dependent manner and caused erection [59]. This effect was simi-
larly observed in a study of human cavernosal tissue in which losartan increased 
cavernosal relaxation and inhibited cavernosal smooth muscle contraction induced 
by angiotensin II [60].

Multiple clinical studies have shown similar positive effects on erectile function 
when treating hypertension with these agents. Losartan and valsartan have both 
been shown to improve self-reported sexual satisfaction and frequency of sexual 
activity in hypertensive patients [47, 48, 61]. Two large prospective studies looked 
at the effect of valsartan specifically on sexual function. In a study by Düsing et al., 
75.4% of 3502 study patients were diagnosed with ED by IIEF score prior to valsar-
tan therapy, and 6 months after medication initiation, the number decreased to 53% 
[62]. Similarly, an additional study reported a 60% increase in rate of sexual inter-
course events in patients taking valsartan compared to an overall decrease in events 
in those taking beta-blockers, ACE-i, calcium channel blockers, and diuretics [63]. 
These initial outcomes provide a promising groundwork for the use of ARBs not 
only for blood pressure control but also for preserving erectile function, promoting 
overall patient satisfaction, and improving medication compliance in the hyperten-
sive patient.
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 Treatment of Diabetes Mellitus

Given the progressive nature of DM, both type I and II, it is important to begin 
treatment in its early stages. Recall that T1DM is the result of insulin deficiency 
due to a T-cell autoimmune mediated destruction of pancreatic β cells [18]. T2DM 
occurs secondary to insulin resistance or insulin deficiency typically in the setting 
of obesity, poor diet, and sedentary lifestyle. DM can often be a difficult disease 
to control, and over the years various pharmacological agents have emerged. 
Primary classes of medication include insulin, biguanides, sulfonylureas, thiazoli-
dinediones, glucagon- like peptide 1 (GLP-1) analogues, dipeptidyl peptidase-4 
(DPP4) inhibitors, and sodium-glucose co-transporter-2 (SGLT2) inhibitors. The 
majority of oral glycemic agents are only approved for use in T2DM. One com-
monly used clinical measure is a serum hemoglobin A1c (HbA1c), which is an 
indirect measure capturing a patient’s glycemic control over the span of several 
months. HbA1c below 5.7% is considered normal, 5.7–6.4% is in the prediabetic 
range, and 6.5% or higher marks a diagnosis of diabetes [64]. This value is used 
as a marker to track severity of disease in addition to response and adherence to 
treatment. When tracking a patient’s progress, the target HbA1c is 7.0% or lower. 
Fasting plasma glucose as well as 2-h plasma glucose are alternative diagnos-
tic tests.

 Insulin

Subcutaneous insulin injections are the primary mode of treatment for Type 1 DM 
and may be used for Type 2 diabetics in whom glucose control is poor with oral 
hypoglycemics alone. Traditionally there have been two distinct types of insulin, 
regular insulin and intermediate-acting insulin (Neutral Protamine Hagedorn—
NPH). Over the past two decades, additional insulin treatments have emerged, now 
including short-acting and long-acting insulins. The longer acting insulins (glargine, 
detemir, ultralente) can serve as a basal treatment, allowing for more stable concen-
trations throughout the day. More rapid-acting insulins (aspart, lispro) tend to have 
a quick onset and a shorter duration of action compared to regular insulin. These 
short acting formulations are particularly useful for control and improvement of 
prandial glucose levels. Among these rapid-acting agents, there is also an inhaled 
insulin which may be considered. Inhaled insulin is contraindicated in patients with 
chronic lung disease [65]. For those with needle phobias, insulin pumps are also an 
option, where there is continuous subcutaneous delivery of insulin [66]. For type 1 
diabetics who primarily rely on insulin, a typical treatment regimen may include a 
long acting insulin administered at night in addition to shorter acting insulins 
administered during the day with meals.
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 Biguanides

One of the most common and widely prescribed medications is metformin. The 
overall function is to increase insulin sensitivity and to inhibit hepatic gluconeogen-
esis [67]. Activation of AMP-activated protein kinase will decrease hepatic gluca-
gon production. Metformin also promotes insulin sensitivity as well as peripheral 
glucose uptake via phosphorylation of glucose transporter type 4 (GLUT4) which is 
responsible for diffusion of glucose into muscle and fat cells. The medication may 
also result in reduced gastrointestinal absorption of glucose. The net effect is lower-
ing of blood glucose.

According to the American Diabetes Association (ADA), it is the preferred ini-
tial oral medication for the treatment of T2DM [66]. Secondary oral agents or insu-
lin may be ultimately added to metformin for combination therapy. However, it is 
important to concomitantly employ weight loss with the use of metformin, other-
wise the positive effect will be seen to a certain degree before glucose levels begin 
to rise again. The risk of hypoglycemia is generally low, but other common side 
effects include diarrhea, abdominal pain, and nausea. While metformin is consid-
ered a safe treatment option, it has been associated with vitamin B12 deficiency and 
subsequent exacerbation of neuropathies [68]. If the target HbA1c is not met after 
3 months of metformin monotherapy, then secondary agents should be introduced 
into the regimen. There are no formal recommendations or algorithm with regards 
to combination therapy and which additional drugs should be initiated. Medication 
choices are generally determined by side effect profile, patient factors, and cost [69].

 Sulfonylureas

Sulfonylureas emerged and became available as a first line therapy along with met-
formin. The specific mechanism is the stimulation the release of insulin from exist-
ing pancreatic β-cells [67]. Therefore, its efficacy is contingent upon the presence of 
endogenous β-cells. Commonly used medications include glimepiride, glipizide, 
and glyburide. Frequently seen side effects include hypoglycemia and weight gain. 
There are also some controversies around cardiovascular safety as an initial study 
demonstrated an increase in cardiac deaths, but newer agents of the same class have 
shown mixed results [70]. This has overall led to an increased utility of other agents 
that may afford some cardiovascular benefits. Nonetheless, sulfonylureas may still 
be utilized as a first line monotherapy, particularly for those patients who cannot 
tolerate metformin or who have specific contraindications [71]. It is also less expen-
sive compared to newer agents, so cost continues to play a significant role in selec-
tion of treatment options. Otherwise, it may also be used as a second line adjunct 
therapy to metformin, similar to other glucose lowering therapies.
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 Thiazolidinediones

Thiazolidinediones (TZDs) are peroxisome proliferator activated receptor (PPAR) 
activators. These medications function by improving insulin sensitivity as well as 
maintain β-cell function by preserving insulin secretion [67]. Weight gain is a com-
mon side effect. The two FDA approved agents include rosiglitazone and piogli-
tazone, which can be considered as second line agents. Earlier agents of the same 
class were found to cause significant hepatotoxicity, but these two newer agents 
were found to be safe on the hepatic system. Rosiglitazone was the first target of 
criticism and was previously banned due to concern of associated cardiovascular 
events, but this has since been rescinded [72]. It should still be used with caution in 
elderly patients with cardiac failure. Pioglitazone then gained attention with regards 
to a possible increased in bladder cancer risk [73]. While the data is not robust, it is 
recommended to avoid its use in patients with a history of or active bladder cancer. 
Aside from glucose lowering benefits, the advantages of TZDs include lower cost, 
preservation of β-cell function, an increase in HDL cholesterol levels, and a delay in 
progression of diabetic nephropathy [74, 75].

 Dipeptidyl Peptidase-4 Inhibitors (Gliptins)

Dipeptidyl peptidase-4 (DPP4) inhibitors are among the more recent classes of anti-
diabetic agents. They function to block an enzyme called dipeptidyl peptidase 4 
[67]. DPP4 inhibition overall leads to increased activity of gastric inhibitory poly-
peptide (GIP) and glucagon-like peptide 1 (GLP-1). GIP and GLP-1 work to stimu-
late insulin synthesis from β-cells. GLP-1 also works to reduce glucagon secretion. 
Common agents include alogliptin, saxagliptin, linagliptin, and sitagliptin. Side 
effects do not include hypoglycemia or weight gain, and are in fact generally mini-
mal compared to other class of agents. DPP4 inhibitors may also play a protective 
role in atherosclerosis and coronary artery disease [76]. This class of agents is over-
all becoming increasingly utilized due to its glucose-lowering efficacy as well as 
favorable safety profile.

 Glucagon-Like Peptide 1 Receptor Agonists

GLP-1 receptor agonists are considered incretin-based therapies that act to increase 
insulin secretion and reduce glucagon secretion. As previously discussed, the acti-
vation of GLP-1 receptors on pancreatic β-cells will stimulate insulin synthesis and 
secretion. It is considered a standard second line treatment, and it is the preferred 
injectable therapy compared to insulin when modifying a treatment regimen, par-
ticularly when other oral agents are ineffective [66]. While side effects are primarily 
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gastrointestinal, the risk of hypoglycemia and weight gain is lower compared to 
other agents. Common medications include exenatide, liraglutide, lixisenatide, albi-
glutide, dulaglutide, and semaglutide. These are primarily injectable medications, 
but semaglutide is an available oral formulation.

 Sodium-Glucose Co-Transporter-2 Inhibitors (Gliflozins)

Sodium-glucose co-transporter-2 (SGLT2) inhibitors are another newer class of 
medications that overall lead to increased urinary glucose excretion. SGLT2 is a 
protein that typically functions by reabsorbing almost 90% of glucose in the proxi-
mal renal tubules [67]. Per ADA guidelines, when considering additive therapy to 
metformin, SGLT2 inhibitors may be specifically considered in patients with car-
diovascular disease, renal disease, or heart failure [66]. Common medications in 
this class include ertugliflozin, canagliflozin, dapagliflozin, and empagliflozin. Side 
effects include urinary tract infections, genital mycotic infections, and volume 
depletion. While the cardiovascular and renal benefits have been proposed, longer 
term studies will provide more insight.

 Treatment of Erectile Dysfunction

The overall treatment options for ED have evolved over the past 30 years. First and 
foremost, the underlying disease process as well as lifestyle should be optimized. 
Patient education about associated risk factors as well as the relationship with these 
chronic diseases is an integral first step.

 Oral Agents

Beyond lifestyle modifications, oral medications are a first line therapy for 
ED. Phosphodiesterase (PDE) inhibitors, specifically PDE5 inhibitors, prevent the 
breakdown of cGMP, a molecule that allows for smooth muscle dilation and thus 
erections (Fig.  20.1). Commonly used FDA-approved PDE5 inhibitors include 
sildenafil (Viagra®), tadalafil (Cialis®), vardenafil (Levitra ®), and avanafil (Stendra®). 
The underlying mechanism is similar across these medications; however, duration 
of onset, half-lives, and conditions of absorption can vary slightly (Table 20.1). The 
success of these medications depends on intact neural pathways as well as appropri-
ate sexual stimulation to initiate the cascade leading to the initial production of the 
cGMP. It is important to note that PDE5 inhibitors act to potentiate erections, not to 
induce them.
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Fig. 20.1 Erectile physiology

Table 20.1 PDE5i

Sildenafil Tadalafil Vardenafil Avanafil

Dosage 20–100 mg 
PRN

5–20 mg 
PRN
2.5–5 mg 
daily

5-20 mg 
PRN

50–200 mg 
PRN

Administration time prior to 
activity

1 h 0.5 h 1 h 0.5 h

Half-life 3–5 17.5 h 4–5 h 3–5 h
Duration of action 4–8 h 36 h 4–8 h 4–8 h
Absorption with fatty food Decreased Unaffected Decreased Decreased
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All medications are recommended to be taken on an as needed basis for sexual 
activity. Tadalafil is the only medication that is approved to be taken as a daily low 
dose in addition to the traditional on demand dosing [77]. The daily dose may have 
an added benefit in alleviating some lower urinary tract symptoms in men with 
benign prostatic hyperplasia [78]. For men with severe ED, a combination therapy 
with a daily tadalafil and on demand sildenafil can be considered [79].

Common side effects include headaches, facial flushing, nasal congestion, and 
heartburn. Visual disturbances secondary to cross reactivity with PDE6 can result in 
diplopia, blurred vision, and loss color vision. All are reversible with medication 
cessation. There are several contraindications and cautions when it comes to the use 
of PDE5 inhibitors. These medications should not be used within 6 months of a 
myocardial infarction. Additionally, concomitant use of nitrates is contraindicated 
as PDE5 inhibitors will potentiate vasodilatory and subsequently hypotensive 
effects. It is recommended that sildenafil, avanafil, and vardenafil not be adminis-
tered within 24 hours of taking a nitrate. Similarly, there should be a 48 h separation 
between tadalafil and nitrates [80]. Additional medication interactions can occur 
with antifungals, antiretrovirals, and alpha blockers.

It is also important to note that certain classes of medications can lead to erectile 
dysfunction. Responsible medications may include antihypertensives (thiazides, 
nonselective beta-blockers), antidepressants (tricyclics, selective serotonin reup-
take inhibitors), antipsychotics (phenothiazines), antiandrogens, antiulcer drugs 
(H2 receptor blockers), cytotoxic drugs (cyclophosphamide, methotrexate), and 
opiates (morphine) [81]. While it is not always possible to discontinue or switch 
the medication, it is valuable to understand possible underlying etiologies 
(Fig. 20.2).
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Fig. 20.2 ED and diabetes
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Early studies demonstrated that PDE5 inhibitors led to more than 70% of suc-
cessful intercourse attempts [80]. Diabetics are less likely to successfully respond to 
PDE5i, with rates between 50% and 60% [82]. A patient’s response to PDE5 inhibi-
tors relies on the quality of the pudendal nerves and their ability to release NO, 
degree of endothelial cell function, and the level of pudendal blood flow. For this 
reason, diabetic men may not have such a robust response compared to nondiabetic 
men [83]. Moreover, for those with an adequate initial response, the efficacy may 
diminish over time. Nonetheless, PDE5 inhibitors remain a first-line treatment 
option for diabetics, but medical professionals should be prepared to transition to 
additional therapies should the medication be unsuccessful.

 Intracavernosal Injections

In patients for whom oral agents are ineffective or contraindicated, an appropriate 
next step is to discuss localized vasoactive agents such as intracavernosal injections 
(ICI) or intraurethral suppositories. Multiple vasodilatory agents can be incorpo-
rated into a mixture for ICI, commonly consisting of alprostadil, papaverine, and 
phentolamine. Alprostadil activates the conversion of ATP to cAMP, and papaverine 
prevents the degradation of cAMP. Through alpha blockade, phentolamine inhibits 
the cascade initiated by inositol triphosphate. Collectively, all allow for smooth 
muscle dilation (Fig. 20.1).

The medication is injected directly into the lateral base of the penile corpora, 
avoiding the urethra ventrally and the neurovascular bundle dorsally (Fig.  20.3). 

Neurovascular bundle 

Cavernosal arteries 

Urethra 

Corpus cavernosum 

Fig. 20.3 Depiction of intracavernosal injection into the corpus cavernosum. The neurovascular 
bundle and urethra should be avoided
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Unlike oral medications, ICI can induce erections without significant sexual stimu-
lation and do not necessitate intact neural pathways. Therefore, for patients with 
diabetes or nerve damage in general, ICI may be a more effective alternative. 
Possible mixtures include alprostadil alone, papaverine and phentolamine (Bimix), 
or all three (Trimix). Mixtures can be tailored according to patient needs, initial 
responses, and side effects. An in-office trial of the injection should be performed to 
ensure that the patient can safely inject themselves without systemic side effects and 
to ensure that priapism does not occur. Priapism, a prolonged erection lasting longer 
than 4 h, is a possible side effect of any pharmacologic erectogenic treatment.

Patient satisfaction rates with the use of ICI are between 70% and 90%, and 
80–90% would recommend the treatments to friends [84, 85]. For patients who 
respond to both ICI and sildenafil, it is unclear if ICI is truly more efficacious, but it 
has been shown that ICI delivers higher satisfaction rates [86]. Multiple studies 
confirmed these results revealing that despite response to both PDE5 inhibitors and 
ICI, 50% of long-term ICI users would prefer ICI to oral medications, citing 
improved rigidity and reduced side effects [85]. While side effects are rare, they can 
include pain at the injection site, bruising, development of scar tissue and possibly 
mild penile curvature, and priapism. While a seemingly effective treatment among 
long-term users, ICI can induce some hesitation among newer users due to anxiety 
around penile injections. When studying patient anxiety, Mulhall et al. found that 
65% of new users reported high injection anxiety, and 42% of patients continued to 
have injection anxiety at 4 months [87]. Therefore, proper education and counseling 
are the principal components of effective injection use and acceptance.

 Intraurethral Suppositories and Gels

For patients who are hesitant to proceed with penile injections, intraurethral 
alprostadil can either be instilled into the urethra by means of a suppository or a gel. 
Early studies have demonstrated variable results with regards to intraurethral 
alprostadil (MUSE®), with success rates as high as 64% and as low as 30% [88, 89]. 
Furthermore, a retrospective study by Jaffe et al. suggests that 30% of patients who 
specifically fail sildenafil will respond to intraurethral alprostadil [90].

The systemic side effects seen with oral agents are minimized with the intraure-
thral formulations. The most common side effect reported is mild penile or urethral 
pain, which may be experienced in approximately 10% of patients [88]. Hypotension 
and dizziness, indicating absorption of the medication into the systemic circulation, 
are rare but may be seen in up to 3% of patients. It is advised that patients use con-
doms with use of the intraurethral medications, particularly those containing pros-
taglandin, when engaging in sexual activity with pregnant partners due to risk of 
exposure [91].

With the use of compounding pharmacies, multiple agents can be incorporated 
into these suppositories or gels and specially formulated for patients. Similar to 
intracavernosal injections, alprostadil, papaverine, and phentolamine can be used in 
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combination at varying amounts. It is important to keep in mind that for those expe-
riencing penile pain with intraurethral or intracavernosal treatments, it is likely the 
alprostadil that is responsible. In these cases, adjustments to the composition and 
dosage should be made accordingly.

 Mechanical Devices

Noninvasive drug-free alternatives exist in the form of vacuum erection devices 
(VED). This is cylindrical device that is placed over the penis and draws the penis 
into the device via a vacuum mechanism that is controlled by the patient with the 
use of a pump. This allows for increased blood flow into the penile corpora and 
therefore rigidity. In order for the blood to remain trapped, a constriction band must 
be placed at the base of the penis. Once the band is removed, blood flow and subse-
quently the erection dissipates.

An early study in 1991 demonstrated that 75% of diabetic men were able to 
engage in satisfactory intercourse with the use of a VED [92]. However, reasons 
for discontinuation include bruising of the penis, pain related to use of the con-
striction band, or changes in sensation of the penis such as coldness or numbness 
[93]. A more recent study with a small sample size of veterans demonstrated that 
after comprehensive teaching sessions, 96% of patients were able to maintain an 
erection with the device, and 100% would recommend it to a friend [94]. 
Additional conclusions were that patients with poor dexterity or those more 
advanced in age may not have success with VEDs. In men for whom PDE5 inhibi-
tors are contraindicated or ineffective, are unable to tolerate intraurethral or intra-
cavernosal treatments, and are not interested in pursuing surgery, VEDs are good 
alternatives. It is also important to note that VEDs can be used concurrently with 
any of the pharmacologic treatment options, and may indeed enhance erectile 
response [95].

 Penile Prosthesis Surgery

In medical refractory cases, surgical treatment with a penile prosthesis is an effec-
tive long-term treatment option. Surgery entails placement of artificial cylinders 
into the penile corpora. The cylinders may be composed of a material that remains 
in a rigid state at all times but can be easily manipulated such that the device is read-
ily hidden under clothing or can be positioned for use during intercourse. These are 
termed semirigid, or malleable, devices. Alternatively, the corporal cylinders can be 
inflatable whereby a pump, typically in the scrotum, is used to propel sterile saline 
from an abdominally placed reservoir into the cylinders until the desired rigidity is 
achieved. The malleable devices are more appropriate for patients who have poor 
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manual dexterity or who desire a simpler prosthesis. Otherwise, the inflatable 
devices are considered more natural and physiologic as they can be inflated to a 
rigid state and deflated back to a flaccid state when desired.

Overall, satisfaction rates with penile prostheses for both patients and their part-
ners are upward of 85% [96]. Despite high success and satisfaction rates, some 
patients may be unhappy with the results. The most commonly cited complaints are 
a decrease in postoperative penile length and difficulty with pump manipulation. 
Therefore, preoperative counseling and patient selection are imperative.

 Conclusion

The relationship between ED and major chronic diseases such as HTN and DM is 
unequivocal. The underlying pathologic processes are in fact quite similar and 
explain why ED is increasingly considered an independent risk factor of cardio-
vascular disease. Early diagnosis with appropriate screening and attempts to mini-
mize disease progression via lifestyle changes and pharmacotherapy are crucial 
steps. Although this cannot necessarily reverse the molecular damage that has 
already been done, it is important for patients to know that there are individualized 
treatment options for ED as well. Continuing to maintain a global view of the 
patient’s health will allow medical professionals to prevent serious events that 
may lead to significant morbidity and mortality and to effectively treat all associ-
ated aspects of the disease.
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Chapter 21
Peripheral Vascular Disease in Patients 
with Diabetes Mellitus

Scott G. Prushik and Erin Mcintosh

 Introduction

Vascular disease is the most significant cause of morbidity and mortality in patients 
with diabetes mellitus (DM), who suffer from complications due to coronary artery 
disease, cerebrovascular disease, and peripheral vascular disease (PVD). Patients 
with DM and PVD often present with a unique disease burden that can be challeng-
ing to evaluate and manage, compared to patients without diabetes. For the esti-
mated ten million people with diabetes in the United States, one of the most common 
reasons for hospitalization is diabetic foot ulceration with or without superimposed 
infection. It is estimated that the lifetime incidence of foot ulcers among diabetic 
patients may be as high as 25% with an increased risk of amputation as high as 
15–30 times that in non-diabetics [1–3]. Diabetes significantly increases the inci-
dence and severity of limb ischemia and the distribution of peripheral arterial dis-
ease (PAD) in diabetics differs from those without it, tending to involve the more 
distal, infrapopliteal arteries. While diabetic patients are prone to microvascular 
complications of nephropathy, retinopathy, and neuropathy, it is an important prin-
ciple to remember when assessing diabetic patients with PVD that the ischemia that 
results in non-healing ulcers and infections is due to macrovascular occlusive dis-
ease secondary to atherosclerosis [4–6]. The complex interplay between the micro- 
and macrovascular pathologic mechanisms that lead to peripheral neuropathy and 
ischemia, create an ideal setting for the development of pressure necrosis, non-
healing ulcers, and polymicrobial infection, which can ultimately lead to gangrene 
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and amputation if improperly treated [7, 8]. In addition to utilizing the appropriate 
diagnostic tools and determining the appropriate interventions, it is often necessary 
to employ a multidisciplinary approach to the treatment of PVD in the diabetic 
patient in order to achieve the ultimate goals of limb salvage and cardiovascular risk 
reduction.

 Pathogenesis of Atherosclerosis in Diabetes Mellitus

Vascular cell biology is altered in diabetes, leading to accelerated atherosclerosis 
and its complications. Specifically, the vascular endothelium plays an active role in 
the dynamic process of homeostasis that involves regulating vascular tone, platelet 
function, the coagulation cascade, and importantly, vascular smooth muscle cell 
proliferation and migration. The endothelium regulates vascular homeostasis 
through the release of various signaling molecules. One of the most potent vasodila-
tory and anti-inflammatory molecules constitutively produced by healthy endothe-
lium is nitric oxide (NO) via endothelial nitric oxide synthase (eNOS) [9, 10]. NO 
reduces production of proinflammatory chemokines and cytokines through inhibi-
tion of inflammatory transcription factors, limiting vascular cell injury, platelet acti-
vation, and atherogenesis. Common risk factors for atherosclerosis—hypertension, 
hypercholesterolemia, smoking, and diabetes—are associated with diminished 
release of NO into the arterial wall due to impaired synthesis or excessive oxidative 
degradation. Decreased bioavailability of NO in the vasculature promotes an envi-
ronment that is prone to vascular injury, atherogenesis, and its sequelae.

The altered phenotype of vascular cells in diabetic patients, namely a proinflam-
matory and atherogenic state, is promoted by the pathologic milieu of metabolic 
derangements—hyperglycemia and insulin resistance—hypercoagulability, and 
oxidative stress, which results in the destruction of the protective endothelial cell 
layer and dysfunction of underlying vascular smooth muscle cells. The formation of 
atherosclerotic lesions is triggered by local inflammation in the vascular wall, 
induced by dyslipidemia, particularly high levels of LDL cholesterol. This process 
starts by oxidative stress that injures vascular endothelial cells which then upregu-
late production and expression of adhesion molecules (i.e., ICAM-1, VCAM-1) that 
facilitate the binding of monocytes to the vascular wall and result in their transloca-
tion to the subendothelial layer, eventual maturation to macrophages that take up 
LDL cholesterol infiltrates, with subsequent formation of foam cells [10]. Oxidized 
lipids then trigger the production of growth factors by the endothelium, which then 
act on vascular smooth muscle cells, shifting their normally quiescent, contractile 
phenotype, to a pathologic, proliferative, secretory, and migratory one. When vas-
cular smooth muscle cells migrate into the intimal later, it is there that they prolifer-
ate and produce extracellular matrix proteins, cause intimal thickening, sclerosis, 
and contribute to atherogenesis.
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 Clinical Presentation

PAD exists on a spectrum, ranging from claudication to rest pain and critical limb- 
threatening ischemia with tissue loss. Claudication is defined as ischemic muscle 
pain that occurs as the result of inadequate blood flow. The affected muscle groups 
will typically be just distal to the area of arterial occlusion. Patients will experience 
intermittent, cramping, pain that occurs with and is exacerbated by exercise and is 
relieved with rest. Clinically, providers can track the progression of patient disease 
over time by quantifying the distance the patient can ambulate before symptom 
onset. The majority of patients with claudication will not have progression of dis-
ease over time. In fact, symptoms can be improved with optimal medical manage-
ment alone, including smoking cessation and monitored exercise programs.

Rest pain usually indicates more severe occlusive disease and is characterized by 
burning pain that involves the forefoot or region of the metatarsal heads. In contrast 
to the intermittent nature of claudication, rest pain is constant. It classically occurs 
at night and is relieved by placing the foot in the dependent position. Patients will 
describe the need to dangle their leg over the side of the bed at night to get symp-
tomatic relief.

PVD that progresses to the point of critical limb ischemia may present in distinct 
ways, including ulceration and gangrene. Gangrene is a hallmark of severe, end- 
stage, vascular occlusive disease, characterized by black, insensate skin, with loss 
of motor function. Without superimposed infection, “dry gangrene” is not an imme-
diate threat to the patient. However, with coexisting infection, “wet gangrene” is 
considered an emergency and is typically associated with signs and symptoms of 
systemic infection, including fever, leukocytosis, purulent drainage, abscess, and 
osteomyelitis, necessitating urgent debridement or amputation.

The natural sequence of disease progression described above, occurs reliably in 
patients without diabetes. However, in patients with diabetes, the normal evolution 
of signs and symptoms can differ greatly. For example, diabetic patients may not 
ever develop rest pain or its early signs can be incorrectly attributed to underlying 
peripheral neuropathy. Additionally, given that the distribution of PVD in diabetic 
patients is generally in the distal infrapopliteal and pedal arteries, patients will not 
usually complain of classic claudication type symptoms. Rather than a classic pro-
gression of disease signs and symptoms, diabetic patients with PVD often present 
with infection superimposed on a chronic non-healing foot ulcer or gangrene 
(Fig. 21.1). Often aggressive and polymicrobial in nature, these infections can cause 
significant tissue destruction and commonly lead to amputation in the diabetic 
patient. As such, it is important to recognize that the signs and symptoms of infec-
tion in the diabetic patient may be subtle. With an altered immune response that 
occurs in diabetes, the only early indication of infection in a diabetic patient with 
PVD may be worsening hyperglycemia or increased insulin requirements.
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Fig. 21.1 Patient with 
Type II diabetes and 
gangrene of the foot

 Principles of Evaluation

A comprehensive vascular examination of patients with diabetes begins with a thor-
ough foot exam with a focus on inspection for signs of skin changes, hair loss, 
ulcers, and infections. Sensory and motor examination should then be performed, as 
the presence of neuropathy in patients with diabetes is an important risk factor for 
the development of ulcers and potential future amputation [11]. Diabetic peripheral 
neuropathy is characterized by symmetric sensorimotor dysfunction that begins dis-
tally and progresses more proximally in a classic “stocking and glove” distribution. 
Patients with peripheral neuropathy can experience a burning sensation, tingling, 
and pain that radiates; however, the severity of these symptoms does not predict the 
degree of nerve damage [12]. The current recommendation is for patients with dia-
betes to have yearly peripheral nerve examinations.

Patients with diabetes should have ankle-brachial index (ABI) measurements 
performed at least by the age of 50 years, if not sooner, and yearly if they have a 
prior history of diabetic foot ulcer, known CAD, prior abnormal vascular exam, or 
prior intervention for PVD (Fig. 21.2) [13]. Complicating the results of noninvasive 
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Fig. 21.2 Patient with normal arterial physiologic studies

testing is the calcification of blood vessels in diabetics, leading to noncompressibil-
ity, and falsely elevated values, which often belies the reality of severely compro-
mised blood flow (Fig. 21.3).

Complete and precise imaging of the arterial circulation is necessary for the 
successful management of PVD in patients with DM, who require revasculariza-
tion. Imaging in this patient population can prove challenging, given the multilevel 
disease distribution especially in the distal tibial and peroneal arteries, which are 
often calcified in the setting of diabetes. Additionally, it is not uncommon for 
patients with DM and PAD to have underlying renal insufficiency, further compli-
cating comprehensive imaging evaluation of the arterial circulation. Currently 
available imaging modalities to evaluate the arterial circulation include intra-arte-
rial digital subtraction angiography (DSA), contrast-enhanced magnetic resonance 
angiography (MRA), and computerized tomographic angiography (CTA). Not 
only does angiography have the advantage in the evaluation of diabetic arterial 
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Fig. 21.3 Patient with physiologic studies showing a typical pattern of disease for a patient with 
diabetes and peripheral arterial disease

occlusive disease to visualize distal small caliber vessels, but also it allows the 
simultaneous ability to intervene with angioplasty techniques. In diabetic patients 
who have underlying renal insufficiency, added acute insult such as contrast-
induced nephropathy is a concern, and alternatives like carbon dioxide and gado-
linium can be used in place of conventional contrast. Unlike angiography, CTA is 
noninvasive and can be rapidly performed. It has better spatial resolution com-
pared to MRA, though it has the disadvantage of requiring the largest volume of 
contrast and exposing the patient to high doses of radiation. Both CTA and MRA 
can be used to evaluate arterial anatomy in patients in whom surgical bypass is the 
planned intervention. In patients in whom an endovascular approach is indicated, 
angiography immediately followed by catheter-based therapy during the same pro-
cedure is preferred.
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 Principles of Therapy

When treating patients with PAD and DM, the ultimate goals are improving limb 
salvage outcomes and decreasing the potentially fatal risks of comorbid cardiovas-
cular and cerebrovascular disease. Approach to treatment of these patients begins 
with aggressive optimization of medical therapy and lifestyle risk factor modifica-
tion, including smoking cessation programs, exercise rehabilitation programs, max-
imal medical therapy to treat hypertension, hyperlipidemia, and to control 
hyperglycemia [14]. Optimizing non-surgical/non-interventional management of 
diabetic patients with PAD includes preventive foot care with emphasis on proper 
hygiene, careful screening, and early intervention [15]. The Society for Vascular 
Surgery and American Podiatric Medical Association recommends for the preven-
tion of diabetic foot ulceration: annual foot examination by a trained provider, 
including peripheral neuropathy assessment, patient and family education, special-
ized footwear in high-risk patients with significant neuropathy, foot deformities, or 
prior amputations, as well as maintenance of hemoglobin A1c  <  7% [16, 17]. 
Beyond maximizing pharmacologic therapy with use of beta blockers in patients 
with concomitant CAD, ACE inhibitors, and antiplatelet drugs, equally aggressive 
interventional therapies should be utilized in diabetics who present with ulceration 
or gangrene, with or without infection.

 Medical Treatment for PAD

 Exercise Therapy

Randomized controlled trials of supervised exercise training programs have proven 
the benefit of exercise therapy on improving the symptoms of intermittent claudica-
tion [17, 18]. In patients who present with symptoms of intermittent claudication in 
the absence of any signs of limb-threatening ischemia, they should first be referred 
for a trial of monitored exercise therapy and smoking cessation prior to any attempt 
at surgical or endovascular intervention. The optimal exercise programs include 
walking for ≥30 min, >3 times/week for 6 months, based on a meta-analysis by 
Gardner et al. In another meta-analysis by Bendermacher et al., supervised walking 
programs resulted in an average improvement in maximum walking time of 6.5 min 
compared to medications used to treat claudication symptoms. The benefit of a 
supervised walking regimen compared to percutaneous endoluminal revasculariza-
tion has been studied in the CLEVER Trial (Claudication: Exercise versus 
Endoluminal Revascularization), which randomized patients with aortoiliac disease 
to optimal medical therapy, optimal medical therapy with supervised exercise pro-
gram, or optimal medical therapy with endovascular intervention. The primary end-
point was graded treadmill test at 6 months compared to baseline. Of note, about 
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25% of those randomized patients had DM as well. While the supervised exercise 
group had the greatest improvement in walking time, the quality-of-life assessment 
questionnaire indicated a larger improvement in the stenting group. Further research 
is necessary to reach conclusive data, and the SUPER Trial is currently ongoing, 
looking at outcomes with supervised exercise therapy vs immediate PTA in patients 
with iliac artery occlusive disease specifically. Patients with diabetes typically have 
more severe impairments at baseline compared to patients with PAD alone. However, 
exercise programs have been shown to benefit patients who have both PAD and 
DM. In addition, the randomized controlled trials that exist, thus, far to evaluate the 
optimal therapy for intermittent claudication, are performed in patients with arterial 
disease distribution that does not generally reflect that seen in diabetic patients. 
Thus, a supervised exercise regimen, or a home-based exercise program of similar 
intensity as described above, is the current treatment modality recommended for 
patients with PAD with diabetes.

 Antiplatelet Therapy

Antiplatelet therapy is a key component to the management of patients with diabe-
tes and PVD [19]. Based on several trials, low-dose aspirin therapy (75–162 mg/
day) is recommended for the primary prevention of cardiovascular events in patients 
with diabetes in whom the baseline risk of gastrointestinal bleeding is not increased. 
As included in this patient population for whom low-dose aspirin is recommended, 
they are men >50 years and women >60 years with one or more risk factors for 
cardiovascular disease, including smoking, hypertension, dyslipidemia, renal 
impairment, and family history of early onset cardiovascular disease. Numerous 
studies exist, which have shown a benefit of antiplatelet therapy for reducing cardio-
vascular events in patients with known PVD. The CAPRIE Trial compared clopido-
grel versus aspirin in patients with NSTEMI, ischemic stroke, or PAD. Importantly, 
in a subset of those patients with diabetes, there was a 12.5% risk reduction in major 
cardiovascular events with clopidogrel versus aspirin. Current recommendations 
from the Society for Vascular Surgery include antiplatelet therapy with either aspi-
rin 75–325 mg or clopidogrel 75 mg daily in patients with PAD. Despite this recom-
mendation, the specific benefit of antiplatelet therapy for cardiovascular risk 
reduction in patients with PAD and concomitant DM needs further evaluation, as 
recent data questions the benefit of antiplatelet therapy specifically in patients with 
diabetes (JPAD, POPADAD trials).

 Statins

High-dose statins are a mainstay of medical management of patients with PAD to 
reduce cardiovascular events. Statins have also been shown to improve walking 
distance and reduce progression of symptomatic claudication and are currently rec-
ommended by the SVS as therapy for patients with symptomatic PAD [20].

S. G. Prushik and E. Mcintosh



635

 Cilostazol

Cilostazol is a phosphodiesterase-3 inhibitor that has been shown to improve the 
symptoms of claudication through its vasodilatory, antiproliferative, and antiplatelet 
effects. While it has not shown any mortality benefit, several RCTs found that it 
significantly increases walking times in patients with stable intermittent claudica-
tion. The Society for Vascular Surgery recommends a 3-month trial of cilostazol 
100 mg twice daily to alleviate symptoms and improve walking distances in patients 
with lifestyle-limiting claudication. While it is generally well tolerated in most 
patients, it is contraindicated in patients with heart failure, renal, or hepatic impair-
ment. Many patients with diabetes and macrovascular disease also have microvas-
cular disease, including nephropathy. In those specific patients, other medications 
along with supervised exercise programs can be utilized.

 Pentoxifylline

Pentoxifylline is a methylxanthine derivative that inhibits phosphodiesterase and 
has similar effects as cilostazol. While evidence to show improvement in walking 
distances with pentoxifylline versus placebo are lacking, a trial of this medication 
can be used in patients with intermittent claudication in whom cilostazol is 
contraindicated.

 ACE Inhibitors

Small RCTs evaluated the role of ACE inhibitors in the medical management of 
symptomatic PAD, and meta-analysis of these studies showed a benefit in maximum 
walking distance and pain-free walking distance in patients treated with ACE inhib-
itors versus placebo. The greatest benefit was seen specifically with the use of 
ramipril [21, 22].

 Surgical Treatment for PAD

For patients with PAD and DM who present with ulceration or gangrene with super-
imposed infection, early and thorough debridement of any underlying abscesses and 
necrotic tissue is paramount. The goal is the eradication of any septic foci, which 
can sometimes be accomplished with daily bedside debridements with or without 
local anesthetic, or may require multiple surgical debridements or amputation in the 
operating room [23, 24]. Once the infection is treated, the next priority is in estab-
lishing adequate flood flow to the affected extremity. Indications for revasculariza-
tion are the same in patients with diabetes and PAD as they are in patients with PAD 
alone, including lifestyle-limiting claudication with failed medical management, 
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critical limb ischemia with rest pain or tissue loss, and non-healing foot ulcers. The 
ultimate goal is to restore pulsatile blood flow to the foot, which can be accom-
plished endovascularly or with open surgical bypass depending on the characteristic 
of the lesion(s) in question, as well as on patient-specific factors.

 Summary

Diabetes increases the risk of vascular disease, including cardiovascular, cerebro-
vascular, peripheral vascular, and microvascular diseases. CAD is responsible for 
the majority of the deaths in patients with diabetes, but stroke, claudication, critical 
limb ischemia, diabetic foot ulcers, retinopathy, and nephropathy all contribute to 
the overall morbidity and mortality in patients with diabetes. Several metabolic, 
thrombotic, and vascular derangements occur in diabetes that account for the accel-
erated atherosclerosis and increased rate of thrombosis characteristic of diabetic 
vascular disease. Treatment of PAD in patients with diabetes involves therapies to 
improve symptoms, and aggressive risk factor modification is aimed at improving 
cardiovascular outcomes and overall mortality.
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Chapter 22
Epidemiology of Peripheral Vascular 
Disease

Stephanie G. Wheeler and Edward J. Boyko

Abbreviations

ABI Ankle-brachial index
CAD Coronary artery disease
CBD Carotid/vertebral artery disease
HR Hazard ratio
PAD Peripheral artery disease

 Introduction

This chapter will focus on the epidemiology of peripheral artery disease (PAD) and 
occlusive arterial disease affecting the extremities and will also include a discussion 
of associated conditions and mortality. The focus of this chapter is primarily on the 
most common type of occlusive peripheral arterial disease due to atherosclerosis 
affecting primarily the arterial intima. Other types of occlusive peripheral arterial 
disease such as fibromuscular dysplasia, vasculitis, or thromboangiitis obliterans 
occur rarely and will not be discussed.
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 Epidemiologic Principles Relevant to the Study 
of Arterial Diseases

Measurement of disease prevalence and incidence is best conducted in a population- 
based sample of study subjects. Typically, such samples are obtained from defined 
populations, such as all residents of a certain geographic area, or using some other 
characteristic to define the population, such as enrollees of a health plan. Populations 
obtained from clinic-based or other medical care settings are likely to overestimate 
the prevalence and incidence of arterial diseases because associated conditions that 
put such persons at higher risk of arterial diseases are likely to be present in a higher 
proportion in these subjects who seek care rather than a random population- 
based sample.

In addition to measurements of disease incidence and prevalence, several meth-
ods are used by epidemiologists to assess whether an exposure (for example, smok-
ing or diabetes) is related to a change in risk of disease. Further methods are 
employed to determine if such an association may be causal, or instead due to con-
founding, selection, or measurement bias. Cross-sectional study designs provide 
weak information regarding causality. Retrospective study designs tend to be less 
compelling in establishing whether an exposure is related to a change in disease 
risk, since the passage of time between the onset of the exposure and disease devel-
opment may result in inaccurate exposure classification or a different mortality rate 
related to exposure and disease that may induce bias in the estimates of association. 
Prospective research is less likely to be biased due to differences in the probability 
of subject selection based on arterial disease and risk factor presence. Prospective 
research is a stronger study design with regard to inferring the possibility of causa-
tion, since the presence of risk factors may be determined prior to arterial disease 
onset. Many prospective studies exist on the epidemiology of CAD, but fewer have 
covered the topic of PAD.

The problem of measurement error in the assessment of the presence or absence 
of vascular disease is well recognized. Even coronary angiography for the diagnosis 
of CAD is likely to result in some degree of misclassification, for reasons described 
previously [1]. A similar situation holds for the diagnosis of PAD. For example, it is 
likely that in some instances, claudication will occur even with a normal or high 
ankle-brachial index (ABI), if noncompressible, calcified vessels result in falsely 
high readings of the ankle systolic blood pressure [2]. This misclassification issue is 
even more problematic when a test result is used to formulate a clinical plan for an 
individual patient, as compared to epidemiologic analysis where population statis-
tics are the result of interest. When misclassification of PAD status occurs nondif-
ferentially with regard to exposure (randomly), the net result is the bias of any 
observed difference toward the null value [3]. The same holds true for exposures 
that are nondifferentially misclassified with regard to PAD. Therefore, observed dif-
ferences found in an epidemiologic analysis of risk factors for PAD validly reflect 
potential causative factors for this complication, but probably underestimate the 
magnitude of the risk increase. Epidemiologic studies may therefore draw valid 
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conclusions regarding risk factors for PAD even if the techniques used to measure 
either vascular disease or the potential risk factor are prone to nondifferential 
misclassification.

The American Diabetes Association produced a consensus statement in which 
they recommended using ABI to screen for peripheral artery disease in patients with 
diabetes over the age of 50 [4]. The issues of screening and misclassification and the 
limitations of the ABI were acknowledged. However, the problems were not felt to 
detract from the clinical usefulness of the ABI to screen for and diagnose PAD in 
patients with diabetes. The American Heart Association (AHA) and American 
College of Cardiology Foundation (ACCF) guidelines issued in 2011 for manage-
ment of patients with peripheral artery disease recommend that ABI results should 
be uniformly reported, with noncompressible values defined as greater than 1.40, 
normal values 1.00 to 1.40, borderline 0.91 to 0.99, and abnormal 0.90 or less [5–7].

 The Prevalence and Incidence of Peripheral Artery Disease

Peripheral artery disease affects a high proportion of older persons in general popu-
lations located in developed countries. Meijer et  al. presented age- and gender- 
adjusted results for nine population-based surveys of the prevalence of low ABI 
using different definitions (<0.75 to <0.94) that ranged from 5.5% to 26.7% [8]. In 
very elderly (85–93 years) Japanese-American men living in Hawaii, the prevalence 
of PAD was somewhat higher, at 27.4% [9]. In a population of patients chosen 
because they were over age 70 or over age 50 but with a history of tobacco use or 
diabetes, the prevalence of PAD was 27% [10]. An observational study of 25,083 
Danish men aged 65–74  years found the prevalence of PAD to be 10.9% [11]. 
Fowkes, et al. performed a systematic review and analysis of 34 community-based 
studies since 1997 to produce global estimates of prevalence of peripheral artery 
disease in 2000 and 2010 [12]. This analysis estimated prevalence of PAD in women 
age 65 to 69 years of age to be 10.08% in high-income countries and 9.91% in low- 
and middle-income countries and in men to be 10.33% in high-income countries 
and 6.74% in low- and middle-income countries. Among those aged 85–89 years, 
prevalence in women in high-income countries was 18.38% and 15.22% in low- and 
middle-income countries and in men to be 18.83% in high-income countries and 
14.94% in low- and middle-income countries [12].

Claudication is an insensitive measure of peripheral artery disease, with symp-
tomless diminished arterial flow estimated to occur at least two to five times as 
frequently as claudication [13]. The Rose questionnaire has been used by investiga-
tors to assess claudication prevalence, but it has been shown to have only moderate 
sensitivity (60–68%) in capturing persons with this clinical diagnosis [14]. In the 
Edinburgh Artery Study, the prevalence of claudication in men increased from 2.2% 
in the 50–59 year age category to 7.7% in the 70–74 year age category [15]. Meijer 
et al. reviewed 13 population-based screening surveys for the presence of claudica-
tion and reported age- and gender-adjusted estimates ranging from 0.6% to 7.4%, 
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with one additional study finding a prevalence as high as 14.4% [8, 16]. Although it 
has been written that men are affected with symptomatic PAD between two to five 
times as frequently as women, in the review of Meijer, a twofold or higher preva-
lence of claudication was seen in only one of the 13 studies [8].

Peripheral artery disease in people with diabetes is both morphologically and 
physiologically distinguished from nondiabetic atherosclerosis [17]. The femoro-
popliteal segments are most often affected, as in nondiabetic patients, but smaller 
vessels below the knee, such as the tibial and peroneal arteries are more severely 
affected in patients with compared to those without diabetes [18, 19]. In practical 
terms, diabetes is associated with a high prevalence of distal arterial disease, a pro-
pensity to earlier calcification, increased thrombogenicity, and generally poorer 
prognosis.

Among patients who have type 1 diabetes, peripheral artery disease is more com-
mon than for the general population. In the Pittsburgh Epidemiology of Diabetes 
Complications Study of childhood onset type 1 diabetes, women who had type 1 
diabetes for 30 years were found to have a prevalence of peripheral artery disease 
greater than 30% compared to only 11% for men when determined by ABI less than 
0.8 at rest or after exercise [20]. The Epidemiology of Diabetes and Complications 
(EDIC) study, the long-term follow-up of the Diabetes Control and Complications 
Trial (DCCT), identified those patients with ABI < 0.9. The EDIC study found that 
intensively treated participants, with an average duration of type 1 diabetes of about 
14 years, had a prevalence of peripheral artery disease of 8.8% among women and 
4.6% among men [21].

Patients with type 2 diabetes in the UK Prospective Diabetes Study (UKPDS) 
had a prevalence of PAD of 1.2% (95% confidence interval 0.9–1.5%) at the time of 
diagnosis of their diabetes [22]. Peripheral artery disease in the UKPDS was defined 
as the presence of any two of the following: (1) ABI < 0.8; (2) absence of both dor-
salis pedis and posterior tibial pulses to palpation in at least one leg; and (3) claudi-
cation. At 6 years of follow-up in the UKPDS, 2.7% of participants (95% confidence 
interval 2.2–3.2%) had peripheral artery disease according to these criteria that were 
not present at diagnosis and 10.6% had at least one of these three abnormal mea-
sures. The prevalence of PAD increased to 12.5% in the smaller subgroup of partici-
pants followed for 18  years (95% confidence interval 3.8–21.1%) [22]. In the 
Rotterdam Study, diabetes was associated with a twofold higher odds of PAD (odds 
ratio 2.0, 95% CI, 1.6–2.5) [23]. The Framingham Offspring Study examined 1554 
males and 1759 females for peripheral artery disease. In this population-based 
study, the odds ratio for peripheral artery disease was 2.3 (95% confidence interval 
1.5–3.6) among participants with versus those without diabetes [24]. This odds ratio 
associated for developing peripheral artery disease with diabetes and also the odds 
ratios associated with hypertension, current smoking and each additional 10 years 
of age, are shown in Fig. 22.1. In a meta-analysis using data from seven cohort stud-
ies, the adjusted relative risk (RR) for developing PAD associated with diabetes 
compared with no diabetes was 1.96 (95% CI, 1.29–2.63) in women and 1.84 (95% 
CI, 1.29–1.86) in men [25]. In the Health Professionals Follow-up Study, a prospec-
tive study of 44,985 men followed for 25 years, the Hazard Ratio (HR) for PAD was 
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Odds ratios for peripheral arterial disease (ABI<0.9) 
Framingham Offspring Study
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Fig. 22.1 Odds ratios for risk factors for peripheral artery disease. Peripheral artery disease was 
defined as an ankle-brachial index less than 0.9. Data taken from the Framingham Offspring Study, 
a population-based study of peripheral artery disease and its risk factors

2.55 (95% CI,1.60–4.06) for type 2 diabetes among never-smokers [26]. The 
National Health and Nutrition Examination Survey (NHANES) 1999–2002 found 
that the prevalence of PAD was higher with greater hemoglobin A1c, even among 
those without diabetes. The odds ratio of peripheral artery disease for those with a 
hemoglobin A1c of 5.7–6.0% was 1.57 (95% CI, 1.02–2.47) compared to hemoglo-
bin A1c < 5.3%. For participants with diabetes, the odds ratio was 2.33 (95% CI, 
1.15–4.70) for those with A1c < 7% and 2.74 (95% CI, 1.25–6.02) for those with 
A1c ≥ 7% [27].

There are racial differences in the complications of diabetes, including periph-
eral artery disease. The reasons for these differences are likely due to the social 
determinants of health rather than genetic differences. Genetic research finds more 
variation within racial groups than between them [28]. The NHANES 1 
Epidemiologic Follow-up Study (NHEFS) found that among subjects with incident 
diabetes mellitus during the study follow-up period, 3.4% of Blacks had lower 
extremity amputations compared to 1.4% of Whites [29]. The authors of the study 
speculated that a combination of social and environmental factors may account for 
the apparent ethnic difference. To examine the question of whether the observed 
differences in complication rates were due to disparate access to health care, a study 
of an ethnically diverse population with uniform health care coverage was under-
taken by the Kaiser Permanente Medical Care Program in Northern California. The 
study observed 63,432 health plan members with diabetes, which included 12% 
Asians, 14% Blacks, 10% Latinos, and 64% Whites, for 4  years, and measured 
nontraumatic lower extremity amputation and end-stage renal disease among other 
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outcomes. Age-and sex-adjusted incidence rates of lower extremity amputation did 
not differ significantly between Whites and Blacks or Latinos, whereas Asians had 
a rate 64% lower than that of Whites [30]. By comparison, age- and sex-adjusted 
incidence rates of end-stage renal disease were significantly higher for Blacks, 
Asians, and Latinos relative to Whites (112%, 44%, and 41% higher, respectively).

Nationally representative U.S. data on the prevalence of PAD are available from 
the National Health and Nutrition Examination Survey (NHANES) that has been 
conducted in an ongoing manner for over three decades. Results of the frequency of 
ABI < 0.9 shown in examination cycles that conducted this measurement by age, 
sex, race/ethnicity, smoking status, and diabetes mellitus are shown in Fig. 22.2a–d 
[31]. Prevalence of ABI < 0.9 is higher with greater age; similar in men and women; 
higher in non-Hispanic Black participants than non-Hispanic White participants; 
lower in Mexican American participants than other race/ethnic groups; and higher 

Fig. 22.2 (a–d) Prevalence of peripheral artery disease as defined by ankle-brachial index <0.9 on 
either leg among adults age ≥40 years by the presence of diabetes mellitus defined as A1c ≥6.5% 
or fasting plasma glucose ≥126 mg/dL and age (a), sex (b), race/ethnicity, and smoking status (d) 
from the National Health and Nutrition Examination Survey (NHANES), 1999–2004
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in former and current smokers. Prevalence of ABI < 0.9 is similar in diagnosed and 
undiagnosed diabetes in men and women. In all subgroups defined by the categori-
zations in Fig. 22.2a–d, the point estimate of ABI < 0.9 prevalence is higher in all 
persons with diabetes compared to all without diabetes.

 Risk Factors for Peripheral Artery Disease

Smoking is one of the strongest risk factors for PAD. The Framingham Heart Study 
found a strong relationship between the number of cigarettes smoked and the inci-
dence of intermittent claudication. A multivariate analysis identified smoking as the 
strongest single risk factor for development of symptomatic obstructive arterial dis-
ease, regardless of gender [32]. The occurrence of intermittent claudication is twice 
as frequent in smokers as nonsmokers. In the Edinburgh Artery Study, peripheral 
artery disease prevalence was strongly and positively related to lifetime cigarette 
smoking [15]. Smoking was related to a higher relative prevalence of peripheral 
artery disease (range of odds ratios, 1.8–5.6) than heart disease (range of odds ratios, 
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1.1–1.6). A prospective analysis of this cohort over 5 years revealed an incidence of 
new claudication of 2.6% among nonsmokers, 4.5% in moderate smokers (≤25 pack-
years), and 9.8% in heavy smokers (>25 pack-years) [33]. The Rotterdam Study 
found that cigarette smoking was associated with an odds ratio for PAD of 2.8 (95% 
CI, 2.3–3.4) [23]. The Health Professionals Follow-up Study found that the risk of 
PAD among the heaviest smokers compared with never-smokers was higher, with a 
HR of 12.89 (95% CI, 8.59–19.34). In this study, compared with all former smokers, 
the HR for incident PAD among current smokers was 3.81 (95% CI, 3.00–4.84) [26].

Hyperglycemia was found to be associated with a higher risk of incident periph-
eral artery disease, independent of other risk factors including age, elevated systolic 
blood pressure, low HDL-cholesterol, smoking, prior cardiovascular disease, 
peripheral sensory neuropathy, and retinopathy. Each 1% increase in hemoglobin 
A1c was associated with a 28% increased risk of peripheral artery disease (95% 
confidence interval, 12–46) [22]. A cohort of 10,624 patients with diabetes in the 
ADVANCE trial was found to have an incidence of PAD of 5.8% over 5 years of 
follow-up. Microvascular disease was found to be associated with PAD after adjust-
ment for established risk factors. Microalbuminuria was associated with a hazard 
ratio for PAD of 1.91 (95% CI, 1.38–2.64). Retinal photocoagulation therapy was 
also associated with a hazard ratio of 1.6 (95% CI, 1.11–2.32) [34].

Multiple randomized clinical trials have been conducted among persons with 
both type 1 and type 2 diabetes aimed at improving glucose control, but PAD typi-
cally is not a major outcome of interest and few reports exist of the results of such 
trials as they pertain to PAD development. The Diabetes Control and Complications 
Trial (DCCT) and the post-trial follow-up of these participants in the Epidemiology 
of Diabetes Interventions and Complications (EDIC) study evaluated the associa-
tion between approximately 6.5  years of intensive glycemic control during the 
DCCT with the development during EDIC of low ABI (<0.8 or <0.9) or elevated 
ABI (>1.3) suggesting arterial calcification [35, 36]. Intensive control was associ-
ated with a significantly lower risk of developing arterial calcification during EDIC 
follow-up (HR 0.72, 95% CI, 0.55–0.94) but not occlusive disease as reflected by 
low ABI. The Action to Control Cardiovascular Risk in Diabetes (ACCORD) ran-
domized clinical trial tested the effects of intensive glycemic control on complica-
tions in persons with type 2 diabetes [36]. Randomization to intensive glycemic 
control was associated with a significant reduction in risk of lower extremity ampu-
tation (HR 0.69, 95% CI, 0.48–0.99). Given the important role of PAD in the occur-
rence of lower extremity amputation in diabetes, this finding suggests a potential 
reduction in the development of significant lower limb ischemia with intensive gly-
cemic control in type 2 diabetes [37].

Many conditions associated with diabetes mellitus may help explain the higher 
prevalence of PAD seen in persons with this condition, such as other PAD risk fac-
tors that comprise features of the metabolic syndrome (hypertension, dyslipidemia) 
[38]. Increased levels of hemostatic factors such as fibrinogen, von Willebrand fac-
tor, t-PA, fibrin, D-dimer, and plasma viscosity explained in part the higher preva-
lence of PAD in subjects with diabetes or impaired glucose tolerance in the 
Edinburgh Artery Study [39].
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Patients with hypertension in the Framingham Study showed a three-fold 
increased risk of intermittent claudication at a 16-year follow-up [40]. Limb arterial 
obstructive disease occurs twice as frequently as CAD among hypertensive indi-
viduals, and hypertension has been reported in 29 to 39 percent of patients with 
symptomatic peripheral artery disease [41]. The Cardiovascular Health Study 
reported about a 50% higher prevalence of an ABI < 0.9 associated with hyperten-
sion in a multivariate analysis adjusted for age, smoking, diabetes, and dyslipidemia 
[42]. Observational data analysis among 3642 patients in the UKPDS showed that 
the aggregate endpoint of amputation or death from peripheral vascular disease was 
associated with a 16% decrease per 10 mmHg reduction in systolic blood pressure, 
adjusted for age at diagnosis of diabetes, ethnic group, smoking status, presence of 
albuminuria, hemoglobin A1c, high- and low-density lipoprotein cholesterol, and 
triglyceride [43]. A study of 4.2 million adults registered in a primary care practice 
for at least 1 year in the United Kingdom found that 20 mmHg higher than usual 
systolic blood pressure was associated with a hazard ratio for PAD of 1.63 (95% CI, 
1.59–1.66). The association was not modified by sex or smoking status [44].

The association of hypercholesterolemia with atherosclerosis of the lower 
extremities has been known for nearly 100 years [45]. The prevalence of claudica-
tion in patients with serum cholesterol levels over 260 mg/dl is on average over 
twice as high as in those with a concentration below this level. The prevalence of 
hyperlipidemia in patients with clinical manifestations of lower extremity arterial 
occlusive disease ranges in various studies from 31% to 57%. The Edinburgh Artery 
Study reported a higher prevalence of PAD in association with higher serum choles-
terol and lower high-density lipoprotein cholesterol in multiple logistic regression 
analysis [15]. The Cardiovascular Health Study reached similar conclusions among 
its sample of 5084 subjects aged 65  years or older, with PAD defined as an 
ABI < 0.9 [42].

Other risk factors have been shown to be associated with a higher prevalence of 
peripheral artery disease. Higher circulating levels of homocysteine have been dem-
onstrated in this condition [46], as have parallel low levels of folate in red blood 
cells and circulating vitamin B6, which raises the possibility that supplementation 
with these vitamins may reduce the incidence of peripheral artery disease [47]. One 
small, randomized, placebo-controlled study of secondary prevention has shown 
that oral therapy with folic acid, vitamin B12, and vitamin B6 decreased the need 
for revascularization in patients receiving percutaneous coronary intervention [48]. 
Higher levels of various hemostatic factors have been demonstrated in persons with 
lower ABI, suggesting that a hypercoagulable state predisposes to the development 
of PAD [49, 50]. The prevalence of low ABI (<1.05) was highest among persons 
with a birthweight <6.6 pounds, a demonstration of the “thrifty phenotype” hypoth-
esis that postulates fetal growth retardation as a cause of metabolic disorders and 
vascular disease in adult life [51, 52]. In a study of patients with diagnosed PAD, 
self-perceived stress during the first 12 months of follow-up was associated with an 
increase in all-cause mortality over 4 subsequent years, after adjustment for demo-
graphics, comorbidities, disease severity, treatment type, and socioeconomic status, 
with a hazard ratio of 2.12 (95% CI, 1.14–3.94) [53].
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 Conditions Associated with Peripheral Artery Disease

Atherosclerosis, the underlying cause of peripheral artery disease, is a multifacto-
rial, progressive condition that begins in childhood and involves multiple biologic 
processes and foci. Therefore, it is not surprising that patients with peripheral artery 
disease often have extensive CAD and CBD. The prevalence of CAD among per-
sons with claudication in the general population is between two and four times 
higher than in those without claudication [54]. Around 50% of persons experiencing 
claudication also suffer from angina, while patients with angina are six times more 
likely to have claudication [55]. When 200 consecutive patients admitted to a vas-
cular surgery service in an academic teaching hospital were evaluated for concomi-
tant diseases, CAD was present in 46%, 22% had symptomatic CAD, 37% had 
impaired cardiac function, and 32% had carotid artery disease [20]. Both claudica-
tion and asymptomatic PAD (ABI < 0.9) in the Edinburgh Artery Study population 
were significantly associated with greater intima-media thickness of the carotid 
arteries as assessed by ultrasound [56]. Fowkes et al. in their systematic review of 
34 population-based studies found that a history of cardiovascular disease, such as 
coronary heart disease or stroke, was associated with an odds ratio for PAD of 2.27 
(95% CI, 1.98–2.59) [12].

 Mortality Associated with Peripheral Artery Disease

Although peripheral artery disease rarely causes death, diminished long-term sur-
vival in these patients is well established. The causes of death associated with this 
condition are primarily cardiovascular. In the Framingham study, 14% of men and 
18% of women died within 6 years of the onset of intermittent claudication [57]. 
Mortality rates appear to be related to the severity of the obstructive process. 
Szilagyi et al. found the cumulative six-year mortality rate was 62% in patients with 
symptoms sufficiently severe to require femoro-popliteal bypass [58]. In the study 
of DeWeese and Rob, 48% of patients with claudication, 80% of those with isch-
emic rest pain, and 95% of those with gangrene died within 10 years of undergoing 
femoro-popliteal bypass grafting [59]. In the National Health and Nutrition 
Examination Study (NHANES), 1999–2004, among the 7458 participants, PAD 
was associated with all-cause mortality, with a hazard ratio of 2.4 (95% CI, 1.9–2.9) 
after adjustment for age, sex, and race/ethnicity [60].

Patients with severe or symptomatic peripheral artery disease have 4 to 7 times 
the risk of mortality from all causes and a 15-fold higher risk of mortality from 
cardiovascular disease than persons who do not have peripheral artery disease [61]. 
Simonsick et al. demonstrated that intermittent claudication was an important pre-
dictor of mortality and cardiovascular morbidity in ambulatory older adults inde-
pendent of associated coronary ischemia and cardiovascular disease risk factors 
[62]. Howell et  al. found that independent of age or the presence or absence of 
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diabetes, a low ABI was strongly associated with increased mortality [63]. Although 
the presence of arterial obstructive disease of the legs is a hallmark of generalized 
atherosclerosis and therefore would be expected to confer an increased risk of car-
diovascular or cerebrovascular death, extremely severe PAD appears to carry a par-
ticularly ominous prognosis. These researchers noted that patients with an 
ABI ≤ 0.30 had a very high six-year cumulative mortality rate (64%) [63].

 Conclusions

Vascular disease of the peripheral artery beds reflects a process of generalized ath-
erosclerosis in most cases, since co-occurrence of stenoses at multiple peripheral 
sites is often seen, risk factors for disease at one site usually are related to higher 
risk at other sites, and peripheral disease confers a higher risk of death due to 
CAD. Since many of these risk factors are reversible or treatable to some extent, 
there is hope that primary or secondary preventive interventions may yield further 
benefits in reducing the impacts of these diseases on mortality, morbidity, health 
status, and quality of life.
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Chapter 23
Managing Stable Coronary Artery Disease 
in Diabetes

Ioannis Koulouridis and Michael Johnstone

 Background

Diabetes has a direct impact not only on the life expectancy but also on the quality 
of life in the setting of cardiovascular disease, especially when diabetes is present 
from a young age [1]. In addition, cardiovascular disease and especially coronary 
artery disease is the leading cause of adverse outcomes in patients with diabetes [2]. 
The presence of diabetes mellitus along with coronary artery disease can impact the 
number and type of treatment choices since both the intensity and medical agents of 
glycemic control play a significant role on cardiovascular outcomes.

Numerous approaches to reduce the risk of adverse cardiovascular outcomes are 
available in patients with diabetes mellitus with the most effective measures focus-
ing on primary prevention. Table 23.1 summarizes the guidelines among cardiology, 
endocrinology, nephrology, and general medicine professional societies from the 
world for cardiovascular risk reduction in patients with diabetes [3]. The similarity 
between these recommendations is noteworthy. Despite the numerous treatment 
strategies and the supporting evidence, their adoption in clinical practice remains 
low [4]. While financial and social barriers to healthcare access are definitely influ-
ential factors, neglecting to follow the guidelines plays a considerable role as well.
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 Stable Coronary Artery Disease

 Antiplatelets

Patients with diabetes are in a prothrombotic state that predisposes them to higher 
risk for adverse cardiovascular outcomes [5]. The elevated levels of insulin and 
glucose alter the levels of nitric oxide in the vascular bed and cause inflammation 
and vasoconstriction, promoting atherothrombosis. This, in turn, shortens the plate-
let lifespan leading to the prevalence of immature platelets, which show increased 
affinity to form a clot [6]. This environment is also characterized by increased 
expression of the glycoprotein IIb/IIIa receptors [7] and prothrombotic molecules 
such as von Willebrand factor and P-selectin [8]. Given this prothrombotic state, 
antiplatelets have been a cornerstone for secondary prevention of cardiovascular 
adverse events in patients with diabetes. The protective effect of antiplatelet agents 
is diminished compared to patients without diabetes and even more when chronic 
kidney disease is present [9].

 Aspirin and/or Clopidogrel

Clopidogrel alone instead of aspirin is a good option in patients with diabetes and 
stable coronary artery disease (i.e., no stent or acute coronary syndrome in the prior 
year). In the CAPRIE trial (Clopidogrel Versus Aspirin in Patients at Risk of 
Ischemic Events), clopidogrel was superior to aspirin in reducing ischemic events 
without increasing the risk of bleeding. In a subgroup analysis including only 
patients with diabetes, the clopidogrel performed even better than aspirin [10]. The 
overall evidence so far in stable coronary artery disease on long-term dual antiplate-
let therapy with clopidogrel in addition to aspirin shows that it increases the risk of 
bleeding and per the American Heart Association (AHA) should be reserved only 
for patients that have particularly high-risk features (e.g., prior myocardial infarc-
tion, younger age, active tobacco use) with the use of a risk calculator [11] and after 
careful discussion with the patient [12].

 Aspirin and Ticagrelor

The THEMIS trial (Effect of Ticagrelor on Health Outcomes in Diabetes Mellitus 
Patients Intervention Study) [13] compared dual antiplatelet therapy with aspirin 
and low-dose ticagrelor versus aspirin alone in patients with diabetes and coronary 
artery disease without a history of myocardial infarction or stroke. The aspirin plus 
ticagrelor group had a lower risk of the composite of cardiovascular death, myocar-
dial infarction, or stroke over an average follow-up of 40 months but the incidence 
of major bleeding was higher [14]. The net clinical benefit of ticagrelor was more 
pronounced among patients with history of percutaneous coronary intervention [15].
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 Aspirin and Rivaroxaban

The COMPASS trial (Cardiovascular Outcomes for People Using Anticoagulation 
Strategies) [16–18] included patients with stable atherosclerotic disease and fol-
lowed a factorial design (low-dose rivaroxaban plus aspirin vs rivaroxaban alone vs 
aspirin alone). It showed that the risk of major adverse cardiovascular events was 
significantly lower with the combination of low-dose rivaroxaban plus aspirin com-
pared to monotherapy but with an increased risk of bleeding. The anti-ischemic 
benefits of the combination were consistent in a subgroup analysis including only 
patients with diabetes mellitus. In this subset of patients, low-dose anticoagulation 
in addition to aspirin could play a role for secondary prevention.

 Blood Pressure

Hypertension is twice as common among patients with diabetes compared to the 
general population. Furthermore, around 70–80% of patients with diabetes have 
hypertension [19] which additionally increases the risk of myocardial infarction, 
stroke, and all-cause mortality. The increase is progressive with increasing systolic 
blood pressure beyond 115 mmHg [19].

 Blood Pressure Target

Guideline recommendations have changed over the past decades. Earlier trials 
showed the benefit of systolic blood pressure control <140 mmHg. Previous guide-
lines at the time recommended a more aggressive target blood pressure of 
<130/80 mmHg in patients with diabetes (<120/75 mmHg when renal impairment 
is present as well). Subsequently, it was found that these aggressive targets do not 
prevent coronary events, even though they do decrease the risk of stroke [20–23]. As 
a result of these studies, guidelines changed and the recommended blood pressure 
target was <140/90  mmHg for patients with diabetes, with an attempt of 
<130/90 mmHg if it can be achieved without harm.

Intensive blood pressure control had a resurgence with SPRINT (Systolic Blood 
Pressure Intervention Trial) showing significant risk reduction on cardiovascular 
morbidity and mortality with intensive (<120  mmHg) as compared to standard 
(<140 mmHg) systolic blood pressure control in patients with hypertension and a 
high cardiovascular risk group [24]. Nevertheless, SPRINT explicitly excluded 
patients with diabetes and therefore generalization to these patients should not be 
made. It is noteworthy that intensive blood pressure control might require multiple 
antihypertensive agents which can potentially lead to harm [19, 20, 25–29]. This 
scenario is particularly important in the presence of cardiomyopathy since lower 
blood pressure hinders the myocardial perfusion and increases the risk of myocar-
dial infarction, especially in the setting of pre-existing coronary artery disease. 
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Several randomized controlled studies [21–23] have shown that a systolic blood 
pressure of <120 mmHg and a diastolic blood pressure < 70 mmHg were associated 
with a lower risk of stroke but with a higher risk of other adverse cardiovascular 
outcomes. In patients with diabetes and coexisting coronary artery disease, the opti-
mal blood pressure target is still under debate. While all patients with diabetes and 
coronary artery disease will benefit from blood pressure < 140/90 mmHg [19, 22, 
25, 26, 29, 30], a more aggressive blood pressure target of <130/80 mmHg could be 
beneficial for patients with a higher stroke risk (e.g., history of prior stoke, carotid 
artery disease).

 Choice of Antihypertensive Agents

Most patients with hypertension and diabetes will require more than one antihyper-
tensive agent to control blood pressure. In the standard care arm in ACCORD trial, 
30% required two and 39% required at least three antihypertensive agents. The 
potential of reducing blood pressure is similar between the different classes of anti-
hypertensives [31]. Factors that are more important in clinical practice are potential 
side effects, off-target effects, cost, and frequency of dosing.

ACE inhibitors/ARBs should be the first option since they reduce both the pro-
gression of kidney disease when albuminuria is present, and reduce the risk of ath-
erosclerotic ischemic events [32, 33]. The HOPE study (Heart Outcomes Prevention 
Evaluation) [34] included patients with diabetes mellitus with cardiovascular dis-
ease or at least one cardiovascular risk factor but no proteinuria or heart failure and 
randomized them to ramipril versus placebo. The trial showed consistent benefit of 
ramipril reducing the risk of myocardial infarction, stroke, and cardiovascular death. 
These findings were independent of changes in blood pressure. In patients after 
myocardial infarction [34, 35] and with reduced ejection fraction [36, 37] ACE 
inhibitors/ARBs are even more beneficial.

The American Diabetes Association guidelines recommend the use of thiazide- 
like diuretics (preferably long-acting agents such as chlorthalidone or indapamide) 
or dihydropyridine calcium channel blockers. Thiazide diuretics impair glycemic 
control by reducing insulin sensitivity and secretion [38–41] making their overall 
clinical effects questionable, despite their beneficial cardiovascular outcomes in 
blood pressure trials [39]. Mineralocorticoid receptor antagonists (spironolactone, 
eplerenone) can also be effective, especially in the setting of hypokalemia [42]. 
Most importantly, they significantly reduce morbidity and mortality in patients with 
left ventricular dysfunction [43, 44].

Βeta-blockers are not the preferred antihypertensive agent [45, 46] 9293 for 
patients without coronary artery disease, but are often used for indications other 
than only blood pressure control. Patients who benefit the most from β-blockers are 
the ones with a history of prior myocardial infarction, chronic angina, left ventricu-
lar dysfunction (ejection fraction <40%), or arrhythmias. Βeta-blockers did not 
reduce the risk of mortality or myocardial infarction in patients with stable coronary 
disease in the absence of left ventricular dysfunction [47]. The benefit of long-term 
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use of β-blockers after myocardial infarction has been questioned, with the best 
evidence showing that the benefit is limited to the first 30 days post myocardial 
infarction [48]. Therefore, β-blockers for hypertension should be reserved for 
patients with clear indications. And in those with poorly controlled hypertension or 
systolic heart failure, preferably a β-blocker with a simultaneous vasodilatory 
response (such as carvedilol or labetalol) should be used [49–51].

 Hyperlipidemia

Diabetes promotes dyslipidemia, typically hypertriglyceridemia. Other common 
findings are elevated dense low-density lipoprotein (LDL) but also reduced high- 
density lipoprotein (HDL) caused by amplified HDL catabolism. There is also a 
preponderance of very large LDL particles. LDL cholesterol (LDL-C) is often simi-
lar between patients with and without diabetes but the constantly elevated triglycer-
ides and glucose levels promote LDL oxidation and glycation, rendering the LDL 
particles even more atherogenic [52, 53].

 Statins

Robust data from trials confirms that statins are beneficial in both primary and sec-
ondary prevention of coronary artery disease [54–65]. Their ability to lower LDL 
levels and minimize relative cardiovascular risk is similar between patients with and 
without diabetes [55–65]. The absolute cardiovascular risk reduction is actually 
more pronounced in patients with diabetes because of their higher underlying risk. 
Numerous studies and meta-analyses have confirmed that the use of statins is asso-
ciated with slightly higher incidence of diabetes type II [66]. This modest risk is 
dwarfed by the cardiovascular protection of statins [66–68]. Besides, this increase 
in glucose is modest, only in the order of a 0.12% increase in mean glycated hemo-
globin (HbA1c) [69].

 Non-statin LDL-C–Lowering Treatments

Many patients cannot tolerate aggressive statin therapy, mainly due to side effects. 
Also, even with intensive statin dosing, some do not meet the expected LDL-C lev-
els. After a median follow-up of 6 years, ezetimibe in addition to simvastatin within 
10 days of an acute coronary syndrome lowered LDL-C levels further and was asso-
ciated with an overall small but statistically significant further reduction in the pri-
mary composite end point of cardiovascular death, major coronary event, or stroke 
[54]. Subgroup analysis restricted to the cohort with diabetes mellitus showed an 
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even more significant reduction mainly due to a lower incidence of myocardial 
infarction and stroke among this population [70] with this treatment combination.

The FOURIER trial (Further Cardiovascular Outcomes Research With PCSK9 
Inhibition in Subjects With Elevated Risk) randomized 27,564 participants with ath-
erosclerotic cardiovascular disease to either placebo or evolocumab with simultane-
ous statin therapy. Among the participants, 11,031 had diabetes mellitus [71] and, 
when compared to the patients without diabetes, there was a similar LDL-C reduc-
tion and risk for the primary composite end point of cardiovascular death, myocar-
dial infarction, stroke, and hospitalization for unstable angina or revascularization 
[72]. The incidence of diabetes remained unaffected, same as with fasting plasma 
glucose and HbA1c levels.

In the ODYSSEY OUTCOMES trial (Evaluation of Cardiovascular Outcomes 
After an Acute Coronary Syndrome During Treatment With Alirocumab), 18,924 
adults with a recent acute coronary syndrome (5444 with diabetes mellitus) were 
randomized to either alirocumab every 2 weeks or placebo in addition to maximally 
tolerated statin therapy [73]. The combination of alirocumab and statins resulted in 
an absolute risk reduction for time to first MACE of 2.3% in the group with diabetes 
mellitus relative to 1.2% for those without [74].

Although neither PCSK9 inhibitor reduced cardiovascular mortality in the 
FOURIER and ODYSSEY OUTCOMES trials, their cumulative data suggest that 
PCSK9 inhibitors effectively lower LDL-C and cardiovascular risk in individuals 
with coronary artery disease regardless of the presence of diabetes mellitus. They 
also support the 2010 Cholesterol Treatment Trialists’ Collaboration suggestion 
toward a more aggressive LDL-C lowering strategy for cardiovascular risk reduc-
tion. This statement was driven from a meta-analysis of 26 randomized trials with 
170,000 participants showing that every 39  mg/dL (1.0  mmol/L) reduction in 
LDL-C was associated with a 10% decrease in all-cause mortality, driven primarily 
by lower cardiac-related deaths without elevating the risk of adverse events [75]. 
For this aggressive LDL-C reduction approach, additional agents may be needed 
beyond statin monotherapy. In high-risk patient such as those with both diabetes 
and coronary artery disease, particularly when LDL-C levels are >70 mg/dL despite 
maximally tolerated statin, the addition of ezetimibe and PCKS9 inhibitors should 
be considered.

 Non-LDL Target Therapies

Combinations of statins with fibrates, niacin, or fish oil have not demonstrated fur-
ther cardiovascular benefits compared to statin monotherapy [76–80]. An exception 
is aggregate data from several fibrate trials that, when stratified by lipid profiles, 
show that individuals with hypertriglyceridemia and low HDL levels benefit from a 
reduction in cardiovascular risk with the addition of fibrates to statins [78, 81–83]. 
Also, fibrates or fish oil are indicated for patients with very high triglyceride levels 
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(>500 mg/dL) to reduce the risk of pancreatitis [30]. Icosapent ethyl is the first non- 
LDL target therapy that demonstrated cardiovascular benefit and should be consid-
ered as a first line for patients with diabetes and coronary artery disease whose 
triglycerides remain elevated (>135 mg/dL) despite maximally tolerated statin and 
lifestyle changes. This is supported by the recommendations of the American 
Diabetes Association Standards of Medical Care [30]. The data on Icosapent ethyl 
originates from the REDUCE-IT (Reduction of Cardiovascular Events With 
Icosapent Ethyl-Intervention Trial), which randomized individuals with cardiovas-
cular disease or diabetes, elevated triglycerides, and one additional risk factor, to 
icosapent ethyl vs. placebo [84]. Icosapent ethyl showed a significant reduction in 
the risk of the composite outcome of cardiovascular death, non-fatal myocardial 
infarction, stroke, coronary revascularization, or unstable angina. These findings 
were independent of diabetes status.

 Lifestyle Modifications

Weight loss if overweight or obese, exercise, smoking cessation if a smoker, heart- 
healthy diet, sleep, and stress management are fundamental for patients with diabe-
tes or coronary artery disease. There are limited randomized trials for lifestyle 
modifications on patients with diabetes and comorbid coronary artery disease. The 
evidence to support these measures on this population has been extrapolated from 
primary prevention trials and from subgroup analyses among studies on secondary 
prevention of coronary artery disease [19, 85].

 Smoking

There is strong evidence supporting a causal link between cigarette smoking and 
numerous adverse health outcomes [86–88]. Smoking cessation reduces the risk of 
recurrent cardiovascular events, declining to the level of risk of non-smokers within 
approximately 3 years after cessation. The benefit is similar for those with and with-
out diabetes [89]. Cessation of smoking may induce weight gain that in result might 
pose some cardiovascular risk but data shows that the cardiovascular risk reduction 
resulting from smoking cessation outweighs this risk [90].

 Diet

For patients with diabetes, particular emphasis on consumption of fruits, vegetables, 
and low-fat dairy foods is recommended by the American Diabetes Association 
Standards of Medical Care in Diabetes [30]. There are no specific recommendations 
when coronary artery disease is a comorbidity, mainly because most data originates 
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from primary prevention trials [91, 92]. The PREDIMED trial (Prevención con 
Dieta Mediterránea) randomized Mediterranean diet supplemented with either 
extravirgin olive oil or mixed nuts versus a control diet and is the largest randomized 
controlled trial focused on primary prevention through dietary modifications on 
patients at high risk of cardiovascular disease [93]. In this study, 48.5% of the par-
ticipants had type II diabetes. The trial was stopped early because of a 30% reduc-
tion in the primary composite outcome of cardiovascular death, myocardial 
infarction, or stroke with the Mediterranean diet. The results were similar in the 
subgroup of patients with diabetes.

Evidence suggests that low-carbohydrate and low-glycemic-index diets may 
improve both glycemic control and cardiovascular risk [94, 95]. Further investiga-
tions are needed to assess the role of the glycemic index for primary and secondary 
prevention of coronary artery disease.

 Psychosocial Factors and Sleep

Depression exacerbates the risk of macrovascular complications in people with dia-
betes. This is supported mainly by observational studies. In the REGARDS pro-
spective cohort study (Reasons for Geographic and Racial Differences in Stroke), 
people with T2DM who reported depression or psychological stress had a signifi-
cantly increased incidence of stroke and acute cardiovascular disease [96]. These 
findings were corroborated with the results from the Denmark arm of the ADDITION 
study (Anglo-Danish-Dutch Study of Intensive Treatment in People With Screen 
Detected Diabetes in Primary Care). Psychological stress assessed by the Mental 
Health Inventory was associated with higher risk of a cardiovascular event (non- 
fatal myocardial infarction, non-fatal stroke, revascularization, or amputation) [97]. 
It is unknown whether cardiovascular events are more likely when depression and 
psychosocial stress are coupled with diabetes and whether treatment will improve 
the course of coronary artery disease.

Inadequate sleep is underdiagnosed in patients with diabetes and promotes 
endothelial dysfunction through sympathetic activation, and inflammation. 
Insufficient sleep in patients with diabetes is mainly due to obstructive sleep apnea 
but any sleep disorder has similar ramifications. Improving sleep is beneficial in 
terms of controlling hypertension and metabolic variables such as serum lipids 
and insulin resistance, despite a lack of clear benefit on cardiovascular out-
comes [98].

 Physical Activity

Patients with diabetes exercise less [99] and have lower exercise tolerance [100, 
101] compared to patients without diabetes and these variables are associated with 
a higher risk of cardiovascular events [99, 100]. The American Diabetes Association 
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guidelines recommend that prolonged sitting should be interrupted with light activ-
ity every 30  min and that patients should engage in at least 150  min/week of 
moderate- to-vigorous physical activity [102]. The guidelines for patients with sta-
ble coronary artery disease recommend the same amount of weekly exercise at first 
diagnosis to cardiac rehabilitation, which includes supervised exercise training with 
a comprehensive secondary prevention program [103]. Supervised exercise training 
has been shown to be more effective than home training in improving HbA1c, body 
mass index, waist circumference, blood pressure, exercise capacity, muscle strength, 
and cholesterol levels [102, 104]. Patients with diabetes who enroll in cardiac reha-
bilitation have more cardiovascular risk factors, lower exercise capacity, are less 
likely to complete cardiac rehabilitation, and have a higher mortality compared to 
patients without diabetes [105–107].

Data regarding exercise regimens in patients with diabetes and coronary artery 
disease are conflicting. Some studies have shown improvements in outcomes such 
as exercise capacity, waist circumference, endothelial function, blood pressure, 
HbA1c, and cholesterol [99, 108–110], whereas others failed to show improve-
ments in HbA1c, or exercise capacity [99, 111]. Of note though, the latter studies 
suffered from poor adherence. It seems that patients with coronary artery disease 
benefit from cardiac rehabilitation irrespective of the presence of diabetes when 
assessing exercise capacity [106, 112] as well as reductions in hospitalizations and 
mortality [113].

 Weight

Clinicians should refer patients with obesity and diabetes to a dietician and a struc-
tured weight loss program since these patients have particular difficulty in losing 
weight [114, 115]. Medical therapy has limited efficacy 172 and evidence regarding 
the safety of these agents in patients with coronary artery disease is scarce. There 
are two agents that have been studied: lorcaserin which had a no effect on MACEs 
[116] and liraglutide which reduced MACEs [117].

Bariatric surgery, such as Roux-en-Y gastric bypass and sleeve gastrectomy, is 
also an option that guidelines support [118]. Evidence consistently shows that bar-
iatric surgery is associated with an improvement in cardiovascular risk factors 
including better glycemic control, lower blood pressure, higher high-density lipo-
protein cholesterol, and lower triglyceride levels [119–121]. Observational studies 
have shown consistent reduction in cardiovascular risk with these procedures but 
randomized clinical trials so far have been unable to demonstrate benefit in cardio-
vascular events and mortality, possibly due to inadequate power [120, 122, 123]. 
There are certainly risks associated with such procedures [122], especially among 
patients with coronary artery disease, but careful selection targeting a subset of 
patients with morbid obesity (body mass index ≥35 kg/m2) offers benefits that out-
weigh these risks.
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 Stable Angina

 Evaluation

Various non-invasive tests are available for evaluation of patients with stable coro-
nary artery disease that provide a better assessment of prognosis. Two large studies 
have compared computed tomography angiography (CTA) versus functional testing 
in this setting. The SCOT-HEART trial (Scottish Computed Tomography of the 
Heart) [124] was an open-label study showing that the composite end point of death 
caused by coronary artery disease or non-fatal myocardial infarction was lower in 
the computed tomography angiography group, primarily due to a lower rate of non- 
fatal myocardial infarction. The findings were similar in the subgroup of patients 
with diabetes mellitus. Revascularization rates were not affected. The authors 
hypothesized that these findings were probably due to a better use of preventive 
therapies in the computed tomography angiography group rather than due to test 
results. In contrast, the PROMISE (Prospective Multicenter Imaging Study for 
Evaluation of Chest Pain) [125] showed no difference in outcomes between com-
puted tomography angiography and functional testing. However, in a post hoc anal-
ysis, there was a significant interaction by diabetes mellitus when patients with 
diabetes were randomized to computed tomography angiography, they had a lower 
risk of cardiovascular death or non-fatal risks [126]. There was no significant differ-
ence in these outcomes in the absence of diabetes mellitus [127]. Summarizing the 
above, computed tomography angiography may be superior to stress testing among 
patients with diabetes mellitus, mainly due to its ability to diagnose non-critical 
coronary lesions.

 Medical Therapy

Patients with angina and type II diabetes often have more extensive coronary artery 
disease that may not be amenable to revascularization [128, 129]. Persistent angina 
post revascularization is also common [130–132]. Therefore, antianginal medical 
management plays a particularly important role. Strategies involve either increasing 
myocardial oxygen supply (nitrates, calcium channel blockers) or decreasing 
demand (β-blockers, calcium channel blockers, ranolazine, ivabradine). Per guide-
lines β-blockers or calcium channel blockers constitute the first-line therapy, 
whereas long-acting nitrates and ranolazine are considered second and third lines, 
respectively [133, 134]. None of these agents has been shown to reduce mortality or 
myocardial infarction [47, 135–138]. Beta-blockers, calcium channel blockers, and 
nitrates have similar effects on angina and exercise duration [138, 139]. Thus, the 
clinician should select these agents according to the desired effect rather than follow 
a strict algorithm, especially as it relates to diabetes.
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Beta-blockers reduce heart rate and myocardial contractility that may lead to 
compensatory peripheral vasoconstriction, which in turn can lead to insulin resis-
tance and hyperlipidemia [49, 50, 140]. This does not hold true for β-blockers that 
have a concomitant vasodilatory effect (e.g., carvedilol, labetalol, nebivolol) [49–
51] and seem to be associated with significant decreases in HbA1c, improved insu-
lin sensitivity, lower cholesterol levels, less weight gain, and less progression to 
microalbuminuria [49, 141–143] compared to non-vasodilatory β-blockers. 
Clinicians should also consider the impact of ranolazine on glycemic control. 
Ranolazine is the only antianginal that has been found effective in patients with type 
II diabetes [144]. Interestingly, ranolazine can reduce HbA1c by reducing glucagon 
secretion [145]. The metabolic impact of β-blockers and ranolazine on HbA1C, 
however, is modest at best.

 Revascularization

The preferred management of patients with type II diabetes and coronary artery 
disease remains optimal medical therapy and modification of cardiovascular risk 
factors [146, 147] in addition to revascularization when necessary [146, 148–150]. 
Outcomes on both surgical and percutaneous revascularization are suboptimal in the 
presence of diabetes with higher incidence of complications and restenosis [151–
153]. In patients with multi-vessel coronary artery disease, left main disease, and 
complex coronary anatomy, coronary artery bypass grafting (CABG) is superior to 
percutaneous approach (PCI) but with a somewhat increased risk of early stroke 
[154, 155], which is around 1.8% for CABG versus 0.3% for PCI [156]. The main 
advantage of CABG compared to PCI is reduced need for repeat revascularization, 
especially the first few years after revascularization [155].

The importance of the internal mammary artery is highlighted with the results of 
the BARI (Bypass Angioplasty Revascularization Investigation) Trial comparing 
CABG with PCI [157, 158], (Fig. 23.1). The subgroup of patients with diabetes 
mellitus who were randomized to CABG had a significant survival benefit extend-
ing beyond 10 years of follow-up [159]. A durable bypass of the entire proximal 
vessel plays a key role in patients with left internal mammary artery grafts [149, 
160, 161]. The use of bilateral left internal mammary arteries for grafting approach 
is usually avoided due to increased sternal infection rates [162–164]. This is despite 
retrospective studies implying that it is not only safe [165, 166] but possibly supe-
rior to unilateral left internal mammary artery approach [164]. This is the only 
large-scale randomized trial to date has failed to demonstrate superiority of bilateral 
compared to single approach [167, 168].

Percutaneous intervention (PCI) with drug-eluting stents in patients with diabe-
tes is associated with a higher incidence of restenosis [169], which ranges approxi-
mately 15% within 2 years after bare metal stenting [170]. The use of drug-eluting 
stents reduced this risk by 60–70% [171]. With newer technologies available, the 
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Fig. 23.1 The main findings of the BARI 2D trial. Patients are stratified according to the intended 
revascularization stratum and angiographic risk score. Each panel shows the Kaplan–Meier event 
rates for the composite outcome death/MI/stroke for patients randomized to medical therapy 
(MED; blue dotted line) and prompt revascularization (PCI, red continuous line) with the log-rank 
p-value. (From Circulation 2012;126:2115–2124)

benefit of CABG over PCI in patients with type II diabetes has been reduced. The 
FREEDOM trial (Future Revascularization Evaluation in Patients With Diabetes 
Mellitus: Optimal Management of Multivessel Disease) [156] was the first large- 
scale investigation of contemporary CABG compared with drug-eluting stent PCI 
(first-generation paclitaxel- or sirolimus-eluting stents) among patients with diabe-
tes and coronary artery disease. The primary composite outcome of 5-year rates of 
death from any cause, non-fatal myocardial infarction, or non-fatal stroke was more 
frequent in the PCI group compared to CABG (26.6% versus 18.7%; P = 0.005), 
(Fig. 23.2). Similarly, the individual outcomes of death and non-fatal myocardial 
infarction were also more common in the PCI group. Of note, stroke was more com-
mon in the CABG group (5.2% versus 2.4%; P = 0.03) [156, 172, 173]. Extended 
follow-up for a mean of 7.5 years confirmed similar findings. The survival curves 
diverged at 2  years and continued to broaden, implying a solid long-term bene-
fit [174].
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Fig. 23.2 Survival curves on the total cohort of patients according to the revascularization strategy 
in the FREEDOM Follow-On Study. Coronary artery bypass grafting (CABG, dotted red line) 
results in a long-term survival benefit in patients with diabetes and multivessel coronary disease 
when compared with percutaneous coronary intervention (PCI, continuous blue line) using drug- 
eluting stents. (From J Am Coll Cardiol. 2019 February 19;73(6):629–638)

A meta-analysis [154] has shown that there is a 5-year survival advantage with 
CABG compared to PCI among patients with diabetes mellitus. This meta-analysis 
used patient-level data from three major studies including patients with diabetes 
mellitus [146, 147, 156] showed a reduction in the 5-year incidence of death, myo-
cardial infarction, or stroke with optimal medical therapy and CABG compared to 
optimal medical therapy and PCI. When need for subsequent revascularization was 
assessed with another meta-analysis [175], the optimal medical therapy and CABG 
were again superior.

Diabetes mellitus is associated with vascular injury, which in turn raises cardio-
vascular risk and the propensity for new ischemic events. This association is stron-
ger in patients with advanced disease and poor glycemic control [148, 176]. 
Prevention remains the cornerstone of therapy. If revascularization is needed, PCI 
with new-generation drug-eluting stents or CABG with internal mammary artery 
are the preferred approaches [177]. In the setting of multi-vessel coronary artery 
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disease and diabetes, CABG along with optimal medical therapy are recommended 
by the current US and European society guidelines [178, 179].
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Chapter 24
The Management of Hyperglycemia 
and DM in Patients with an Acute 
Coronary Syndrome

Tatiana Joseph and Michael Johnstone

 Introduction

Both type 1 and type 2 diabetes mellitus are associated with hyperglycemia. 
However, hyperglycemia is more common even in otherwise controlled diabetic 
patients during stress situations [1]. Patients presenting with the acute coronary 
syndrome (ACS) can have elevations in their glucose levels, be they nondiabetic or 
diabetic [1]. Regardless of whether patients have diabetes or not, patients with 
uncontrolled glucose levels have an increased risk of in-hospital complications. 
Hyperglycemia is also a powerful predictor of survival; studies [2] have shown that 
there is a relationship between hyperglycemia levels and in-hospital mortality for 
patients admitted with myocardial infarction (MI). Prolonged exposure to hypergly-
cemia promotes changes at the cellular level of vascular tissues that accelerate the 
atherosclerotic process [3].

Maintenance of strict glycemic control improves short- and long-term complica-
tions in patients with type 1 and type 2 diabetes mellitus [4–6]. However, in the 
setting of an acute MI, data are limited and inconsistent on whether strict glycemic 
control with insulin therapy improves outcomes.
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 Hyperglycemia Defined in Relation to Acute 
Coronary Syndrome

Hyperglycemia can be evaluated by a glucose metabolism profile which involves a 
fasting plasma glucose (FPG), oral glucose tolerance test (OGTT), or glycated 
hemoglobin (HbA1C). The criteria for diagnosis of diabetes include FBG ≥126 mg/
dL (7  mmol/L) or a 2-h plasma glucose ≥200  mg/dL (11.1  mmol/L) during an 
OGTT or a HbA1C ≥6.5.

Although there are formal values in terms of blood glucose levels/glycated hemo-
globin for diagnosis of diabetes, there is no uniform definition of what constitutes 
hyperglycemia in ACS. There is still controversy about the cut-off glucose value that 
should be used as a diagnostic marker of hyperglycemia in ACS. Furthermore, it has 
been unclear whether the glucose index value should be that taken on admission, 
after overnight fasting or doing an oral glucose tolerance test [3, 7].

According to the American Heart Association (AHA) 2013 guidelines for man-
agement of hyperglycemia in the setting of an ACS, blood glucose levels should be 
maintained below 180 mg/dL if possible while avoiding hypoglycemia [3]. Concerns 
about overly aggressive glycemic control in critically ill patients were raised by the 
NICE-SUGAR (Normoglycemia in Intensive Care Evaluation and Survival Using 
Glucose Algorithm Regulation) trial. In this study of medical and surgical intensive 
care unit patients, tight glucose control (81–108 mg/dL) compared to modest con-
trol (<180 mg/dL) was associated with increased mortality rate, primarily from car-
diovascular causes as well as increased episodes of hypoglycemia [8].

 Prevalence of Elevated Glucose Levels in Acute 
Coronary Syndrome

Numerous studies have shown that hyperglycemia is a commonly encountered issue 
in critically ill patients in the intensive care setting, with many of those who previ-
ously did not have a diagnosis of diabetes mellitus [9].

The Euro Heart Survey on Diabetes and the Heart analyzed the prevalence of 
abnormal glucose metabolism in patients with ACS. Among patients with no previ-
ous history of diabetes, impaired fasting glucose or new hyperglycemia was found 
in 58% of patients [10].

The mechanism of hyperglycemia in this stressful setting is thought to be the 
result of sympathetic nervous system activation and the hypothalamic–pituitary axis 
which consequently raises the production of catecholamines and cortisol that 
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Fig. 24.1 Generation of hyperglycemia in an acute myocardial infarction

stimulate processes of gluconeogenesis, glycogenolysis, and lipolysis [11, 12] 
(Fig. 24.1).

It has been shown that hyperglycemia increases the release of inflammatory and 
vasoconstrictive factors which impair coronary endothelial function, contributes to 
the production of reactive oxygen species with consequent oxidative stress, and 
increases platelet aggregation [14, 15].

Acute or stress hyperglycemia has a role in the development of ACS and 
accentuates the consequence of cellular damage caused by acute myocardial isch-
emia [16]. Acute hyperglycemia can lengthen the QT interval which may increase 
the risk of ventricular arrhythmias as a result of ischemia [17]. It can also alter 
platelet function which can contribute to atherothrombotic complications [18] 
(Fig. 24.2).
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Fig. 24.2 Cardiovascular effects of hyperglycemia during the acute phase of myocardial infarc-
tion. Hyperglycemia is associated with some circulatory and tissue effects, including oxidative 
stress and increased inflammation, hypercoagulability, reduced endothelial function, volume 
depletion, acid base disturbances, and altered immunity. FFA free fatty acid [13]

 Relationship Between Glucose Levels and Mortality in Acute 
Coronary Syndrome

It has been well documented that elevated glucose levels are associated with 
increased in-hospital and long-term mortality in ACS [3, 19]. The relationship 
between hyperglycemia and outcomes has been elevated in terms of short-term pre-
dictive value of the admission serum glucose in patients with and without diabetes 
and the long-term risk in patients with diabetes.

In a study by Pinto and colleagues, a review of 224 patients in trials of fibrinoly-
sis or primary PCI in patients with STEMI revealed that the 30-day mortality rate in 
patients with hypoglycemia [blood glucose level <81 mg/dL (4.5 mmol/L)] was 4.6, 
euglycemia [blood glucose level of 81–99 mg/dL (4.5–5.5 mmol/L)] was 1.0, and 
severe hyperglycemia, [blood glucose values >199 mg/dL (11.0 mmol/L)] was 4.7. 
The 30-day rate of recurrent MI or death in the three groups was 10.5, 4.2, and 
7.2%, respectively [20]. Even when adjustments were made for baseline differ-
ences, the relative risk for mortality was significantly increased, compared to the 
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euglycemic group, in patients with hypoglycemia (odds ratio 3.37) or severe hyper-
glycemia (odds ratio 3.09). The risk was also significantly increased in patients with 
blood glucose values between 150 and 199  mg/dL (8.3 and 11.0  mmol/L, odds 
ratio 2.93).

This U-shaped relationship was seen in both diabetic and nondiabetic patients.
Higher mortality with both hyperglycemia on admission and hypoglycemia dur-

ing hospitalization has been observed in other observational studies [1, 21].
The long-term outcomes after an acute MI are worse in diabetic patients than 

nondiabetic patients with ACS. Increases in mortally and non-fatal cardiovascular 
endpoints such as reinfarction or heart failure were seen. According to Franklin and 
colleagues, diabetic patients tend to be older and have a greater prevalence of 
comorbidities compared to patients without diabetes. However, the increase in risk 
persists after adjustment for these differences [22].

 Dynamic Changes in Glucose Levels in Acute 
Coronary Syndrome

Glucose levels are usually highest upon first presentation of an acute MI then gradu-
ally decrease as the stress response subsides [23]. Goyal et al. analyzed acute MI 
patients with baseline and 24-h glucose data from the CARDINAL trial database 
and found that both higher baseline glucose and the failure of glucose levels to 
decrease in the first 24 h after an acute MI predicted higher mortality in nondiabetic 
patients. Similarly, in a study of approximately 8000 patients hospitalized with ACS 
in the United States who had hyperglycemia (glucose >140 mg/dL) on arrival, glu-
cose normalization after admission was associated with better patient survival, even 
after adjustment for confounders [24]. Improved survival was noted regardless of 
whether glucose normalization occurred as the result of insulin therapy or happened 
spontaneously.

In another study done by Okada and colleagues, which involved 57 patients 
with ACS, integrated backscatter intravascular ultrasound (IB-IVUS) and gray 
scale IVUS were performed before balloon dilatation or stent implantation in the 
culprit vessel. Standard IVUS indices were evaluated for volume index (volume/
length) and plaques component were measured by IB-IVUS for percent tissues 
volume. Blood glucose variability (fluctuations in blood glucose levels over a 
given interval of time) was determined by calculating the mean amplitude of gly-
cemic excursions (MAGE) using a continuous glucose monitoring system. This 
study demonstrated that higher blood glucose variability was strongly associated 
with increased lipids and decreased fibrous content, making plaques more vulner-
able to disrupt as well as a larger plaque burden in the culprit vessels of ACS. The 
study concluded that higher blood glucose variability was an independent risk fac-
tor for plaque instability [25].
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 Clinical Trials of Glucose Control in Patients with Acute 
Coronary Syndrome

Patients with ACS presenting with hyperglycemia are at an increased risk for 
adverse outcomes, but it is unclear whether hyperglycemia is a direct mediator of 
poor outcomes or a marker indicating a greater disease severity. A few trials evaluat-
ing the optimal glycemic target for ACS patients have been performed (Table 24.1).

Table 24.1 Optimal glycemic target for ACS patients

Clinical trial

Glucose 
level on 
admission

Glucose 
targets

Achieved 
glycemic target 
(intervention vs. 
control) (mg/
dL)

Primary 
endpoint Result

DIGAMI 
(1995)

~280 126–180 mg/
dL vs. usual 
care acutely
90–126 mg/dL 
fasting BG vs. 
usual care 
afterward

173 vs. 211 mg/
dL during 24 h; 
difference in 
hemoglobin A1C 
but not fasting 
BG afterward

Mortality at 
3 months

No significant 
difference in 
mortality

DIGAMI 2 
(2005)

229 126–180 mg/
dL in hospital 
vs. usual care 
acutely
90–126 mg/dL 
fasting blood 
glucose (group 
1 only) vs. 
usual care 
afterward

164 vs. 180 at 
24 h, no 
difference 
afterward

All-cause 
mortality 
difference 
between 
groups 1 and 2

No significant 
difference in 
mortality

HI-5 (2006) ≥140 72–180 mg/dL 
vs. usual care

149 vs. 162 
during the first 
24 h

Mortality at 
in-hospital 
stage, 3 and 
6 months

No significant 
difference in 
mortality

Marfella 
(2009)

≥140 72–180 mg/dL 
vs. usual care

163 vs. 192 mg/
dL

Left 
ventricular 
ejection 
fraction 
(LVEF), 
oxidative 
stress, 
apoptosis

Higher LVEF, 
decreased 
oxidative stress 
and apoptosis

Marfella 
(2012)

≥140 80–140 vs. 
180–200 mg/
dL or GIK

161 vs. 194 vs. 
182

Myocardial 
regeneration

Increased 
myocardial 
regeneration
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Table 24.1 (continued)

Clinical trial

Glucose 
level on 
admission

Glucose 
targets

Achieved 
glycemic target 
(intervention vs. 
control) (mg/
dL)

Primary 
endpoint Result

Marfella 
(2012)

≥140 80–140 mg/dL 
for 
intervention 
arm
180–200 mg/
dL for control 
arm

145 vs. 191 mg/
dL

In stent 
restenosis

Decreased 
in-stent stenosis

Marfella 
(2013)

≥140 80–140 vs. 
180–200 mg/
dL

144 vs. 201 mg/
dL

Myocardial 
salvage

Increase in 
myocardial 
salvage

Recreate 
(2012)

≥144 90–117 mg/dL 
vs. usual care

117 vs. 143 mg/
dL

Difference in 
mean glucose 
levels at 24 h

Significant 
difference in 
glucose levels 
between 
intensive and 
standard group; 
no difference in 
mortality

BIOMArKS2 
(2013)

≥140 85–110 mg/dL 
during day, 
85–139 mg/dL 
at night vs. 
<288 mg/dL

112 mg/dL vs. 
130 mg/dL

High- 
sensitivity 
troponin T 
72 h after 
admission

No significant 
difference in 
high-sensitivity 
troponin T

The DIGAMI trail was one of the first randomized clinical trials to evaluate the 
effect of intensive glucose control in acute MI patients. Patients presenting within 
24 h of ACS were randomized to an intervention arm with insulin-glucose infusion 
followed by multidose subcutaneous insulin and a control arm with conventional ther-
apy. The trial enrolled 620 patients, 80% of whom had previously diagnosed diabetes. 
The primary endpoint was all-cause mortality at 3 months. Patients in the insulin arm 
had significantly lower glucose levels compared to the control arm during the inter-
ventional period. Although there was no difference between two treatment groups for 
the primary outcome, reduced all-cause mortality was observed in the insulin arm at 
both 1- and 3.4-year follow-up points [26]. It is unclear whether acute or chronic 
intensive glucose control contributed more to the reduced mortality since the insulin 
treatment lasted 3 months. Other similarly designed studies were subsequently carried 
out, DIGAMI was the only trial demonstrating any survival benefit from intensive 
glucose control [27], albeit much later than anticipated in the original study.
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The following DIGAMI 2 study was performed comparing the effects of three 
different treatment strategies in diabetic patients with AMI. Unexpectedly, no dif-
ference in the glucose control was achieved between the treatment groups, and spe-
cifically, it failed to demonstrate early and continued insulin-based intensive glucose 
reduced mortality [28].

The -HI-5 or Hyperglycemia: intensive Insulin Infusion In Infarction Study was 
a prospective mulicenter randomized controlled trial that examined glycemic con-
trol among hyperglycemic) or diabetic patients admitted with an AMI using an insu-
lin—dextrose infusion for glycemic control. Patients included subjects who were 
hyperglycemic without known diabetes (40% of the subjects) and were randomized 
to receive either insulin-based or conventional therapy. There was no difference in 
the mean 24-h blood glucose level between the two treatment arms. Despite a lower 
incidence of cardiac failure and reinfarction in the intervention arm within 3 months, 
HI-5 failed to demonstrate a reduced mortality either at the early in-hospital stage 
or later at 3 or 6 months post MI [29].

In the RECREATE trail, 287 patients with an acute MI and hyperglycemia were 
randomly assigned to either tight glucose control or usual care. At 24 h, patients 
from the tight glucose control arm had significantly lower glucose levels compared 
to those in control arm, yet the 90-day mortality did not differ between the two 
arms [30].

In a study by Marfella et  al., 50 hyperglycemic patients diagnosed with AMI 
were randomized to intensive (target glucose level 80–140 mg/dL) or conventional 
glycemic control for almost 3 days before surgery. Compared to the control group, 
patients in the intensive group had higher ejection fractions, less oxidative stress, 
and less inflammation in peri-infarcted specimens. In their follow-up studies, tight 
glucose control in hyperglycemic patients with a STEMI resulted in an increase in 
myocardial salvage and a reduction in in-stent restenosis at 6  months after 
onset [4–6].

In light of the conflicting results of the studies mentioned above, de Mulder and 
colleagues hypothesized that the reason may be the glucose target. In their random-
ized trial BIOMARCS-2, a total of 294 patients with ACS and hyperglycemia were 
randomized to either intensive glucose control (85–110  mg/dL) or conventional 
management (<288  mg/dL). The primary endpoint was high-sensitive troponin 
T-value 72 h after admission. Glucose levels in the intensive arm were significantly 
lower than that of control arm within 36 h, but equalized by 72 h. In contrast, there 
were higher rates of mortality at both 30 days and long-term (a median follow-up of 
5.1  years), suggesting that intensive glucose control in the early phase of AMI 
resulted in persistent harmful effects [31].

Insights from the cardiovascular outcome trials of the new glucose-lowering 
drugs, including Glucagon-Like Peptide 1 Receptor Agonists (GLP-1 RA’s) and 
Sodium–Glucose Co-Transporter 2 (SGLT-2) inhibitors, have ushered a new man-
agement strategy on hyperglycemia which focused on clinical outcomes directly 
instead of just glucose control itself [32–34]. Although the protective effect of 
GLP-1RAs and SGLT-2 inhibitors has been demonstrated on myocardial ischemia 
in animal models, few trials have been performed in the ACS setting [35–37].
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 Relationship Between Glucose Variability and Patient 
Outcomes During Acute Coronary Syndrome

Fluctuations in blood glucose levels over a given interval of time are known as gly-
cemic variability. Glycemic variability can have destructive effects on the endothe-
lial function and increase the oxidative stress which theoretically can impact the 
prognosis of patients after an acute MI [38].

Whether glycemic variability is a predictor of adverse cardiovascular outcomes 
remains controversial with previous studies demonstrating conflicting results [1, 
39, 40].

A post hoc analysis of data [41] from the HI-5 [29] suggested that acute glycemic 
variability in patients admitted immediately post-acute MI is associated with a 
higher risk of major adverse cardiovascular events. However, several other studies 
were unable to demonstrate that glycemic variability had an association with major 
adverse cardiovascular events [40, 42].

 The Prognostic Importance of Hypoglycemia in Patients 
with Acute Coronary Syndrome

Those treated with glucose lowering treatment regimens are frequently complicated 
by hypoglycemia, which potentially may have long-lasting detrimental side effects. 
One group [21] found that low blood glucose levels (≤55 mg/dL or ≤3 mmol/L) 
during hospitalization was an independent predictor for death within 2 years com-
pared to patients with normal glucose values throughout hospitalization, making it 
a possible useful marker for identification of diabetes patients with a poor prognosis.

There are possible clues for the underling mechanism in which in-hospital hypo-
glycemia is linked to long-term risk for adverse outcomes In one small study, six 
diabetic patients without known coronary artery disease were intentionally sub-
jected to insulin-induced hypoglycemia. Ischemic EKG changes were noted in five 
out of the six patients, with significant elevations of catecholamines and declines in 
serum potassium, each of which may be associated with adverse cardiac conse-
quences in the post-ACS period [43]. In a more recent study of 19 diabetic subjects, 
hypoglycemia detected by continuous glucose monitoring was linked with symp-
toms of angina and ischemic EKG changes recorded by Holter monitor [44].

Whether hypoglycemia is directly harmful in patients with ACS, or whether it is 
simply a marker for the most critically ill patients was evaluated in a large observa-
tional study. The risk associated with low blood glucose was confined to those who 
developed hypoglycemia spontaneously, most likely as the result of severe underly-
ing illness. In contrast, hypoglycemia that occurred after insulin initiation was not 
associated with worse survival. These underlying illnesses that may cause hypogly-
cemia and, in turn, adversely affect outcomes include type 1/type 2 diabetes, renal 
insufficiency, diagnosed or occult malignancy [45]. Both the DIGAMI-2 and 
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CREATE-ECLA trials found no significant association between hypoglycemia and 
mortality after adjustment for cofounders [46, 47].

This relationship between hypoglycemia and adverse outcome and mortality 
may not be linear. Several studies suggest that glucose values in the hypoglycemic 
range demonstrate a J-shaped relationship between average glucose values during 
hospitalization and in-hospital mortality [1].

 Current Patterns of Glucose Control in Acute 
Coronary Syndromes

As a general consensus, glucose levels above 180/200 mg/dL (10/11 mmol/L) should 
be treated, and hypoglycemia should strictly be avoided. In terms of in- hospital ther-
apy, continuous intravenous regular insulin infusion should be initiated when blood 
glucose levels are greater than 180 mg/dL in critically ill patients [48–50].

There are many insulin infusions protocols available including the Yale insulin 
infusion protocol [51] and Leuven protocol [52]. There is no established protocol 
deemed most effective for optimal glycemic control; however, each insulin infusion 
protocol should be tailored to the subset of patients being treated and to local 
resources. Initial monitoring of blood glucose should be done on an hourly basis 
and insulin dose should be titrated to blood glucose levels [48–50].

Both subcutaneous insulin and oral anti hyperglycemic regimens should be 
avoided due to an increased risk of hypoglycemia.

 Summary and Recommendations

In hospitalized patients, the correction and prevention of hyperglycemia are the 
standard of care [53–59]. To date, it remains unclear whether tight control of hyper-
glycemia significantly reduces morbidity and mortality. In large part, this a conse-
quence that the trials examining target-driven glucose control in ACS lack sufficient 
statistical power to detect clinically important difference in mortality and other 
adverse clinical outcomes.

The best data that support glycemic control come from trials involving the criti-
cally ill and/or ACS patients who are not critically ill.

According to the American Heart Association (AHA), blood glucose levels 
should be maintained below 180 mg/dL if possible while avoiding hypoglycemia [3].

Hyperglycemia during ACS is a common finding and is associated with increased 
risk of immediate and long-term complication in patients both with and without 
diabetes mellitus [53–59]. While hyperglycemia is a predictor of a worse outcome, 
many knowledge gaps remain including the target glucose level and the underlying 
mechanism for adverse outcomes [3]. Therefore, further intervention trails are 
needed to optimize the definition of hyperglycemia in the setting of ACS and to 
established guidelines and goals of glucose lowering treatment.
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Chapter 25
Diabetes and Percutaneous Interventional 
Therapy

Gerard H. Daly, Mohamed Abdelazeem, Lawrence A. Garcia, 
and Joseph P. Carrozza Jr

 Section A: Coronary Interventions in the Diabetic Population

 Introduction

For the past two decades, the epidemic of obesity and diabetes mellitus have steadily 
increased in the United States and globally. In the year 2000, approximately 170 mil-
lion people worldwide were estimated to have diabetes, and in the year 2019, this 
number increased to an estimated 463 million. The World Health Organization now 
lists diabetes in the top ten causes of death worldwide. In 2016, 1.6 million deaths 
were directly attributed to diabetes compared to less than one million in 2000. Even 
more worrisome is the fact that diabetes is a major risk factor for all forms of car-
diovascular disease and contributes to the top two causes of death worldwide—isch-
emic heart disease and stroke (15.2 million out of 56.9 million deaths in 2016) [1]. 
The leading cause of death worldwide for greater than 30  years (greater than 
50 years in the developed world) is ischemic heart disease, which is a direct result 
of atherosclerotic coronary artery disease [2].
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 Diabetes Mellitus and Atherosclerosis

Atherosclerosis is a well-studied process that begins in the normal coronary artery 
wall and develops gradually over many years. The basic architecture of the coro-
nary arterial wall has three principle layers: the intima, media, and adventitia, 
divided by an internal and external elastic lamina. Each layer has its own function 
and unique cellular and intercellular matrix components. The inner layer, the 
intima, composed of the endothelial cell lining and the subendothelial layer (fibro-
blasts and collagen), is usually only 1–2 cell layers thick and functions as a barrier 
to the vasoactive substances in the blood and also has specific paracrine functions. 
The middle layer, the media, is composed of layers of smooth muscle cells. The 
outermost layer is the adventitia, which consists predominantly of fibrous connec-
tive tissue adding support to the vessel while also housing the vasa vasora and 
sympathetic and parasympathetic nerve fibers (Fig. 25.1). In concert, the layers of 
the arterial wall function not only as a simple barrier but also mediate local con-
striction or dilation of the vessel, serve a regulatory role in inflammation via the 

Fig. 25.1 A guide for calculating the SYNTAX score. (Adapted from the 2018 ESC/EACTS 
Guidelines on myocardial revascularization [3])
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production of specific pro- inflammatory and anti-inflammatory molecules, regulate 
vascular remodeling, and maintain an equilibrium between the coagulation and 
fibrinolytic pathways [4].

The process of atherosclerosis begins when the endothelium becomes dysfunc-
tional by any number of pathways/disease states. Among these causes of dysfunc-
tion are insulin resistance, hyperglycemia, elevated low-density lipoprotein (LDL) 
cholesterol levels, hypertension, low high-density lipoprotein (HDL) cholesterol 
levels, increased vascular production of reactive oxygen species, hyperuricemia, 
and high triglyceride levels. The pathophysiology of hyperglycemia may contribute 
to endothelial dysfunction before overt diabetes occurs. Once the endothelium is 
dysfunctional, LDL cholesterol circulating in the blood begins to accumulate within 
the intima. As the cholesterol accumulates within this plaque precursor, it begins to 
oxidize, which subsequently signals monocytes to migrate into the intima and con-
vert to macrophages—this accumulation is known as a fatty streak. The macrophage 
cells enlarge and engulf cholesterol, but can become overwhelmed and subsequently 
undergo apoptosis, leaving behind foam cells (the remnants of cholesterol-filled 
macrophages), as well as releasing inflammatory cytokines. Atherogenesis is fur-
ther propagated by this resultant cellular necrosis within the forming plaque, pro-
moting inflammatory mediator expression, intimal thickening, and migration of 
more macrophage cells.

Initially, atheromatous plaques develop in an outward direction, with enlarge-
ment of the external radius of the artery, thereby maintaining the inner luminal diam-
eter and thus blood flow [5]. This is referred to as “positive remodeling” or “Glagov” 
phenomenon of remodeling; first described in the coronary arteries and also present 
in the peripheral arteries. Luminal obstruction and vascular calcification are both 
later stages of atherogenesis. As the process continues, a well-defined core of extra-
cellular lipids forms—at this stage, the collection is called atheroma or a fibrous 
plaque. Signals from the apoptotic macrophages prompt smooth muscle cell migra-
tion from the media, thus accelerating plaque formation by multiple actions, includ-
ing secretion of collagen and elastin forming a protein fibrous cap, deposition of 
calcium, and releasing signals for neovascularization. In diabetic patient, excessive 
insulin and hyperglycemia further promote smooth muscle cell proliferation and 
migration [6]. During atherogenesis, the vasa vasorum, the network of microvessels 
that originate primarily from the adventitia, extends through the media into the 
thickening intima promoting the continued development of the atheroma.

In a multitude of pathways, the diabetic milieu further contributes to lesion pro-
gression. Hyperinsulinemia coincides with vascular dysfunction and provokes pro-
inflammatory and prothrombotic tendencies [7, 8]. Inhibition of endothelial nitric 
oxide synthetase (eNOS) and altered nitrous oxide production result in vasomotor 
dysfunction [9]. Impaired vascular reactivity, endothelial dysfunction, and impaired 
vascular reactivity are seen with endogenous hyperinsulinemia [10–12]. Increased 
arterial intima and media layer thickness are frequently present in diabetic patient 
[13]. Vascular smooth muscle cell proliferation and migration are promoted by 
hyperglycemia [6]. These pathways among many others contribute to the progres-
sion of atherosclerosis in the diabetic patients.
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 Impact of Diabetes Mellitus on Ischemic Vascular Disease

Diabetes mellitus is a major contributor to ischemic vascular disease. In both the 
Framingham Heart Study and the Multiple Risk Factor Intervention Trial, diabetes 
remained a major cardiovascular risk factor independent of age, hyperlipidemia, 
hypertension, or smoking history [14, 15]. The significance of diabetes as a risk fac-
tor for myocardial infarction (MI) has been well studied in the INTERHEART Trial 
and the Atherosclerosis Risk in Communities (ARIC) Study [16, 17], and it is estab-
lished that diabetic patients without previous myocardial infarction have an equal 
risk of future myocardial infarction as nondiabetics patients with prior myocardial 
infarctions [18].

In 2010, The Emerging Risk Factors Collaboration Group published a meta- 
analysis of 102 studies including data for 697,782 patients and found that the 
adjusted hazard ratio for diabetes was 2.00 (95% CI 1.83–2.19) for coronary artery 
disease. This study concluded that diabetes confers a twofold excess risk for a wide 
range of vascular diseases independent from other conventional risk factors [19].

Cardiovascular outcomes for patients with known atherosclerosis and diabetes 
are markedly worse than those patients without a diagnosis of diabetes. The poorer 
prognosis for the diabetic population, even after intervention, has been hypothe-
sized to be secondary to a larger burden of comorbidities (hypertension, chronic 
renal disease, hyperlipidemia, heart failure), well-documented higher risk of stent- 
related complications (stent thrombosis and restenosis), and more complex coro-
nary anatomy. The Reduction of Atherosclerosis for Continued Health (REACH) 
Registry followed 45,224 patients with a high risk of atherothrombosis or estab-
lished atherothrombosis. Within the REACH Registry, 43.6% (n = 19,699) had dia-
betes at baseline; 4-year event rates were assessed from the international cohort. 
Endpoints included cardiovascular death, myocardial infarction, stroke, hospitaliza-
tion for ischemia, and hospitalization for heart failure. In the REACH Registry, the 
hazard ratio of diabetes for cardiovascular death, nonfatal myocardial infection, or 
stroke was 14.8% (13.31–16.21). The hazard ratio for cardiovascular death was 
7.7% (6.6–8.81) and the hazard ratio for nonfatal myocardial infarction was 4.1% 
(3.24–4.89) [20]. As dedicated high-level evidence to guide revascularization strate-
gies in the diabetic population in the ACS setting are lacking, current guidelines are 
still based on publications for stable ischemic heart disease and expert opinion [21].

 Management of Diabetic Coronary Artery Disease

Regardless of the diagnosis of diabetes, there are two Class I indications for coro-
nary angiography: (1) A high likelihood of CAD based on the clinical characteris-
tics and results of noninvasive testing when the benefits are deemed to exceed the 
risks. (2) In patients who, despite guideline directed medical therapy (GDMT), have 
unacceptable ischemic symptoms and are candidates for coronary revascularization 
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[22]. The risks of coronary angiography are elevated in diabetic patients. Coronary 
angiogram is not without risks, including but not limited to death, myocardial 
infarction, allergic reaction, bleeding, and contrast nephropathy. The overall risk of 
death during coronary angiography is approximately 0.1%, but this increases 
slightly in the presence of diabetes. In patients with normal renal function, the risk 
of contrast nephropathy is low unless large amounts of contrast, i.e., >3–5 mL/kg, 
are given. Diabetic patients may have an increased risk for contrast nephropathy. 
Importantly, metformin should not be administered if there is baseline renal dys-
function as there is an increased risk of lactic acidosis [23–25].

Once coronary artery disease has been diagnosed in the diabetic patient, treat-
ment can broadly be divided into three categories: guideline-directed medical ther-
apy (GDMT), percutaneous coronary intervention (PCI), or coronary artery bypass 
grafting (CABG). Regardless of the treatment strategy, aggressive risk factor modi-
fication is mandatory including antiplatelet and lipid lowering agents, especially 
statins and/or PCSK9 inhibitors. Treatment should be aimed toward improving 
symptoms and quality of life, and reducing adverse events. The decision to proceed 
with a revascularization strategy, via either PCI or CABG, as opposed to continuing 
medical therapy alone, is thought to be appropriate in three groups of patients: (1) 
Patients with lifestyle-limiting symptoms despite maximum medical therapy; (2) 
patients who are intolerant to medical therapy; and (3) patients with anatomy for 
which revascularization has a proven survival benefit.

Determining the best revascularization strategy, PCI versus CABG, for the dia-
betic patient with advanced coronary artery disease has been the topic of much 
research evolving for the past 40 years. Although PCI technique, pharmacology, and 
stent technologies have continued to advance over this time period, there has been a 
consistent signal toward better overall outcome for diabetic patients with CABG. One 
of the earliest revascularization strategy studies was the Bypass Angioplasty 
Revascularization Investigation (BARI) Trial, which compared percutaneous coro-
nary angioplasty (PTCA) vs. CABG for treatment of severe angina or ischemia with 
multivessel disease. This trial enrolled patients over a 3-year period between 1988 
and 1991. In this trial, the 5-year survival rate was statistically nonsignificant but 
trended toward better outcome in the CABG group; 89.3% in the CABG group 
compared with 86.3% in the PTCA. Within this study in the subgroup of patients 
with treated diabetes mellitus, there was a noted difference that favored bypass sur-
gery. The estimated 7-year survival greatly favored CABG over PTCA in the dia-
betic patients (76.4% in the CABG group vs. 55.7% in the PTCA group p = 0.0011). 
Interestingly, this benefit was observed in diabetic patients who received at least one 
IMA graft (7-year survival with IMA was 83.2%, n = 140 vs. 54.5%, n = 33 for 
those who received only saphenous vein grafts). In fact, 7-year survival in a diabetic 
patient was equivalent between the PTCA group and the CABG group who did not 
receive an IMA graft. One caveat to keep in mind when looking at the data from the 
BARI Trial is that neither newer antiplatelet therapy nor stents were used for the 
patients treated in the PTCA arm [26].

The BARI trial was the first study to suggest that diabetic patient outcomes post 
intervention varied greatly from nondiabetic patients. The Optimal Medical Therapy 
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With or Without PCI for Stable Coronary Disease (COURAGE) Trial, published in 
2007, enrolled patients with stable CAD from 1999 to 2004, with the goal of deter-
mining whether an initial management strategy of PCI with optimal medical therapy 
was superior to optimal medical therapy (OMT) alone at reducing the risks of car-
diovascular events. Of the patients enrolled, 33% were diabetic patients. In the sub-
group of diabetic patients with stable coronary disease, there was no difference in 
the long-term outcome (risk of death, myocardial infarction, or other major cardio-
vascular events) for patients in whom the initial management was PCI plus optimal 
medical therapy versus optimal medical therapy alone. It should be noted, however, 
that at a medium follow-up of 4.6 years, there was high crossover in the OMT arm: 
21.1% of patients in the PCI group had additional revascularization as compared 
with 32.6% of those in the medical therapy group (p < 0.001). Another limitation of 
the study was the randomization after angiography was performed which may have 
led to a selection of patients at lower risk. Lastly, PCI throughout this study was 
performed with bare-metal stents [27].

The Randomized Trial of Therapies for Type 2 Diabetes and Coronary Artery 
Disease (BARI 2D) Trial, published in 2009, enrolled patient from 2001 to 2005 
with a goal of establishing optimal therapy for patients with both type 2 diabetes 
and stable ischemic heart disease. The study was not designed to compare CABG 
with PCI but rather to compare coronary revascularization with intense medical 
therapy; thus, direct comparison of PCI to CABG cannot be made in this study. 
BARI 2D Trial demonstrated that in patients with diabetes and stable coronary 
artery disease prompt revascularization by PCI or CABG failed to demonstrate 
superiority to intense medical therapy over a 5-year period. The primary endpoint 
was all-cause mortality at 5 years and the secondary endpoint was combination of 
death, MI, or stroke at 5 years. In a subgroup analysis, freedom from cardiovascular 
events was greater with CABG than medical therapy. No such advantage was 
observed for patients treated with PCI [26].

The next landmarks trial comparing PCI to CABG came in the late 2000s. The 
Percutaneous Coronary Intervention versus Coronary-Artery Bypass Grafting for 
Severe Coronary Artery Disease: Synergy Between Percutaneous Coronary 
Intervention with TAXUS and Cardiac Surgery (SYNTAX) Trial published in 2009 
with 5-year and now 10-year follow-up published in 2019, randomized patients 
with three-vessel or left main coronary artery disease to PCI with paclitaxel-eluting 
stents (DES) versus CABG. Randomization was stratified according to presence or 
absence of left main coronary artery disease and medically treated diabetes. A 
SYNTAX score was generated to capture atherosclerotic burden and disease com-
plexity and was based on calcification, thrombus, bifurcation, tortuosity, chronic 
total occlusion, vessels involved, left main disease, number and location of lesions, 
and dominance (Fig. 25.1). Of the 1800 patients randomized, 25.1% were diabetic 
patients. The primary endpoint was a composite of major adverse cardiac or cere-
brovascular events (MACCE) (i.e., death from any cause, stroke, myocardial infarc-
tion, or repeat revascularization). At 12  months, there was a lower incidence of 
MACCE events in the CABG arm compared with PCI (12.4% vs. 17.8%, p = 0.002). 
This difference was driven primarily by a lower incident of repeat revascularization 
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in the CABG arm compared with PCI arm (5.9% vs. 13.5%, p < 0.001). In the dia-
betic patients, the trial found no survival difference between PCI and CABG at 
10 years. However, there was a lower 12-month MACCE event rate in the diabetic 
patients who underwent CABG when compared to the PCI arm (14.2% vs. 26.0%, 
p = 0.0025). When stratified by SYNTAX score, PCI versus CABG for low score 
(<22) 3VD disease yielded equivalent outcomes. The SYNTAX trial concluded 
“CABG remains the standard of care for patients with complex lesions” (high or 
intermediate syntax scores). SYNTAX trial also demonstrated better outcomes in 
the diabetic patients with CABG primarily due to a reduction in repeat revascular-
ization (2.0% versus 7.3%, p = 0.013) [28]. For patients with less complex disease 
(low syntax scores), PCI is an acceptable double alternative [29, 30].

Subsequently, the SYNTAX II score was developed to guide heart team deci-
sions on myocardial revascularization strategies in patients with complex de novo 
three-vessel CAD (SYNTAX I score >22) and published in the SYNTAX II Study 
in 2017. The SYNTAX II score incorporated the original SYNTAX I score with 
clinical variables (age, sex, kidney function, ejection fraction, presents of COPD, or 
presents of peripheral arterial disease) to risk stratify patients for both CABG and 
PCI approaches. This was a multicenter, prospective, single-arm, open-label trial of 
patients with the above-described disease and a SYNTAX II score compared against 
matched patients with a similar SYNTAX II score from the original SYNTAX I trial 
(Fig. 25.1). The SYNTAX II score for all the patients in the study suggested equi-
poise between PCI and CABG.  Patients were randomized to either PCI or 
CABG. The PCI group then underwent physiological stenosis interrogation using 
an iFR or FFR system prior to intervention. The 1-year data from this study suggests 
that using a SYNTAX II strategy was associated with improved clinical results com-
pared with the percutaneous coronary interventions guided solely by the SYNTAX 
I score in comparable patients from the original SYNTAX I trial [31].

In 2009, the Coronary Artery Vascularization and Diabetes Trial (CARDIA) was 
published, which compared the safety and efficacy of PCI versus CABG in diabetic 
patients with symptomatic multivessel CAD. This was a randomized trial, with a 
non-inferiority design that also excluded left main disease. Primary endpoint of 
death, myocardial infarction, and stroke at 12 months were similar between CABG 
and PCI (10.5% vs. 13%, p = 0.39). Unfortunately, the study ultimately appeared to 
be underpowered given a much-reduced event rate than that used to calculate the 
sample size and as such did not meet the non-inferiority endpoint [28].

The Strategies for Multivessel Revascularization in Patients with Diabetes 
(FREEDOM) Trial, which enrolled patients from 2005 to 2010, compared revascu-
larization via CABG versus PCI (first-generation DES) in patients with diabetes and 
multivessel disease. Importantly, left main disease was excluded. In 1900 diabetic 
patients who were enrolled, 83% were having three-vessel disease. This trial showed 
that revascularization via CABG resulted in lower rates of death and nonfatal MI but 
higher rates of cerebrovascular accidents (CVA). The primary outcome of compos-
ite death from any cause, nonfatal MI, or stroke occurred more frequently in the PCI 
group at a rate of 26.6% versus 18.7% in the CABG group (p = 0.005). Importantly, 
the benefit within the CABG revascularization strategy group was driven by 
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reduction rate of both myocardial infarction and death from any cause. Subgroup 
analysis reported similar outcomes independent of angiographic complexity 
(according to the SYNTAX score), insulin-dependent versus non-insulin dependent 
diabetes or renal function. Follow-up at 8 years showed continued benefit of CABG 
over PCI in diabetics with multivessel disease (significant reduction in all-cause 
mortality). The FREEDOM trial concluded that CABG, compared to PCI reduces 
mortality in patients with diabetes mellitus and multivessel CAD for which revascu-
larization is likely to improve survival (3-vessel CAD or complex 2-vessel CAD 
involving the proximal LAD), particularly if a LIMA graft can be anastomosed to 
the LAD artery [32, 33].

 Left Main Disease

With the exception of the SYNTAX trial, left main disease had been excluded from 
many of the aforementioned studies. The Everolimus-Eluting Stents or Bypass 
Surgery for Left Main Coronary Artery Disease (EXCEL Trial) enrolled 1905 
patients with left main CAD and low or intermediate Syntax scores to a revascular-
ization strategy of PCI or CABG, with diabetes present in 29% of the patients 
enrolled. The study was designed as a non-inferiority trial with the primary end-
point being a composite of death from any cause, stroke, or myocardial infarction at 
3 years. The primary endpoint occurred in 15.4% of patients in the PCI group com-
pared to 14.7% of patients in the CABG group (p = 0.02 for non-inferiority, upper 
97.5% confidence limits). The study concluded that in patients with left main coro-
nary artery disease and low or intermediate syntax score, revascularization strategy 
with PCI was non inferior to CABG. Furthermore, subgroup analysis reveals this 
non-inferiority of PCI to CABG held true regardless of diabetic status [34].

The Nordic-Baltic-British Left Main Revascularization (NOBLE) Trial was pub-
lished in the same year as the EXCEL Trial with a very similar design. This study 
compared revascularization strategies for left main disease; CABG versus PCI with 
1184 patients enrolled. Diabetes was present in 15.5% of patients enrolled. Both 
trials utilized second-generation drug-eluting stents in the PCI arms. PCI was done 
with the biolimus drug-eluting stent, whereas the EXCEL trial use everolimus- 
eluting stent. Similar to the EXCEL trial, the NOBLE trial was designed with a 
non-inferiority end-point. Primary endpoint was a composite of all-cause mortality, 
non-procedural MI, stroke, and (unlike the EXCEL Trial) repeat revascularizations. 
Unlike the EXCEL Trial, the NOBLE Trail found CABG to be superior to PCI for 
the primary composite endpoint (p = 0.0002). The Kaplan-Meier 5-year estimates 
for the primary endpoints were 28% for the PCI group versus 19% for CABG group 
(HR 1.58 [95% CI 1.24–2.01]); the HR exceeded the limit for non-inferiority of PCI 
compared to CABG. The difference was driven primarily by non-procedural Mis 
and repeat revascularization. All-cause mortality was similar between the two 
groups. Non-procedural MI was estimated in 8% after PCI versus 3% after CABG 
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(HR 2.99 [95% CI 1.66–5.39]; p = 0.0002); and repeat revascularization was esti-
mated at 17% after PCI versus 10% after CABG (HR 1.73 [95% CI 1.25–2.40]; 
p = 0.0009). Similar to the EXCEL Trial, there was no identified interaction with 
diabetes for patients with left main coronary artery stenosis [35].

In 2018, a pooled meta-analysis of patient-level data “Mortality After Coronary 
Artery Bypass Grafting versus Percutaneous Coronary Intervention with Stenting 
for Coronary Artery Disease” was published. This analysis included 11 randomized 
trials with a total of 11,581 patients. Mean SYNTAX score was 26 points, with 
22.1% of patients having a SYNTAX score of 33 or higher. All-cause mortality at 
5 years was significantly different between the revascularization strategies (11.5% 
after PCI vs. 8.9% after CABG; HR 1.28; p = 0.0019) with this difference largely 
limited to the diabetic cohort (15.5% vs. 10.0%; HR 1.48; p = 0.0004), but not sig-
nificant in those without diabetes (8.7% vs. 8.0%; HR 1.08; p = 0.49) [36].

The American College of Cardiology (ACC) and the American Heart Association 
(AHA) published guidelines for stable ischemic heart disease in 2012. These guide-
lines were released prior to the publication of the FREEDOM trial and prior to the 
5-year and 10-year follow-up data for the SYNTAX trial, all of which provide 
insight into the management of CAD in the diabetic patients. Furthermore, the 
major trials guiding left main coronary artery disease revascularization (EXCEL, 
NOBLE) were published after the 2012 ACC/AHA guidelines. Based on the data 
from BARI, BARI 2D, CARDia, and SYNTAX trials among others, the 2012 ACC/
AHA guidelines state that “CABG might be associated with lower risk of mortality 
in patients with diabetes mellitus and multivessel disease than PCI, but this remains 
uncertain.” As such, the revascularization strategy for patients with diabetes and 
those patients without diabetes remained the same in the ACC/AHA 2012 guide-
lines. However, within the guidelines table, there is a qualifying statement, “In 
patients with multivessel disease who also have diabetes mellitus, it is reasonable to 
choose CABG (with LIMA) over PCI, Class IIa indication.” This exception is noted 
in four categories: (1) unprotected left main revascularization, (2) 3-vessel disease 
with or without proximal LAD artery disease, (3) 2-vessel disease with proximal 
LAD artery disease, and (4) 2-vessel disease without proximal LAD artery dis-
ease [37].

The European Society of Cardiology (ESC) published the “Guidelines on 
Myocardial Revascularization” in 2018 and subsequently, in 2019, the “Guidelines 
on Diabetes, Pre-Diabetes and Cardiovascular Disease.” These guidelines incorpo-
rated many of the above-mentioned trials in the recommendations for revasculariza-
tion strategies within the diabetic patient population. Most striking is a category for 
patients with 3-vessel CAD and diabetes mellitus. Within this patient population, 
the ESC recommends CABG as a Class I indication for all patients. PCI was a Class 
IIb recommendation for patients with a low syntax score (0–22) and a Class III 
recommendation for diabetic patients with 3-vessel disease with intermediate or 
high syntax scores (>22) [3, 38].

Regardless of diabetic status, the indications for revascularization for patients 
with coronary artery disease remain the same in both the ACC/AHA 2012 
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guidelines and the ESC 2018 guidelines: (1) improved survival and/or (2) relieve 
symptoms. Both guidelines state that for all patients with complex CAD or planned 
unprotected left main interventions a heart team approach is a Class 1 indication. 
The heart team approach takes into consideration the individual cardiac and extra-
cardiac characteristics of the patient as well as the patient’s preference when choos-
ing the most appropriate revascularization strategy for the individual patient [3, 
37, 38].

 Section B: Peripheral Arterial Interventions 
in the Diabetic Population

 Introduction

Peripheral arterial disease (PAD) is a broad term encompassing all arterial athero-
sclerotic disease with the exception of coronary artery disease. PAD is estimated to 
affect approximately 8.5 million Americans above the age of 40 years. This trans-
lates to an age-standardized prevalence rate of 185.6 per 100,000 in 2010, which is 
minimally changed since 1990 [39]. The prevalence of PAD is well documented to 
increase with age, cigarette smoking, and diabetes [40].

Patients with PAD are at almost sixfold higher risk for acute myocardial 
infarction (MI), ischemic stroke, and/or death compared to general population 
[41, 42]. As PAD advances, there comes a higher cardiovascular mortality: with 
stable claudication 5-year mortality is 15–30%, with critical limb ischemia 1-year 
mortality equals 25% [39]. In a study of cardiovascular event rates in female 
patients, a higher cardiovascular risk was found when both PAD and diabetes 
were present compared to the cohort with neither diagnosis (76.9% vs. 14.9%, 
p < 0.001) [42].

Among PAD risk factors, smoking and diabetes have the highest relative risk 
(OR 4.46, 95% CI 2.25–8.84 and OR 2.71, 95% CI 1.03–7.12, respectively) [43]. 
Approximately, 20–30% of PAD patients have comorbid diabetes mellitus [44]. 
Furthermore, the duration and severity of diabetes correlate with the incidence and 
extent of PAD [45].

The pathophysiology of PAD is similar to atherosclerosis within the coronary 
arteries described earlier in this chapter. The presence of diabetes promotes PAD by 
multiple mechanisms including inflammation, endothelial cell dysfunction, smooth 
muscle cell migration, altered platelet function, and hypercoagulability. These 
mechanisms suggest that diabetes shares similar pathogenic pathways to atheroscle-
rosis and PAD [46]. Patients with diabetes are more likely to have calcified plaques 
compared to patients without diabetes [47]. PAD can be more challenging to treat in 
the diabetic patients due to the severity of the disease, location of the disease, and 
calcifications found in diabetic patients. Medial calcification is frequently found on 
histologic review of diabetic patients with PAD [48].
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 Lower Extremity PAD

PAD is most commonly detected within the arteries of the lower extremities. 
Untreated peripheral arterial disease in the lower extremities can lead to major limb 
amputation or death. It is well documented that limb loss leads to early mortality 
[49]. In the United States, every year more than 73,000 amputations of the lower 
limb unrelated to trauma are performed on patients with diabetes, which equates to 
greater than 60% of all nontraumatic amputations [50]. Diabetes is associated with 
greater severity and more diffuse PAD relative to nondiabetics [51].

Overall, diabetic patients with coronary artery disease have higher risk of cardio-
vascular and limb events when compared to the nondiabetic populations [44, 52]. 
Diabetes and, in particular poorly managed diabetes, has been shown to negatively 
affect a patient’s cardiovascular outcomes. The EUCLID trial, designed to compare 
treatment with either ticagrelor versus clopidogrel in symptomatic PAD (patients 
who either had a lower extremity revascularization procedure in the last 30 days or 
patients with ankle–brachial index of 0.80 or less) showed worse MACE outcomes 
based of hemoglobin A1C. In the 13,885 patients (5345 or 38.5% of whom were 
diabetic patients), in the EUCLID trial, a subgroup comparison between diabetics 
and nondiabetics showed a 14.2% (p < 0.0001) increased relative risk for MACE for 
every 1% increase in HbA1c, even for patients on contemporary therapy [53].

Owing to the ability of the vascular bed to recruit robust collaterals, a vast major-
ity of patients, up to two-thirds of US adults with PAD, are asymptomatic [39]. As 
a result, PAD presentations can vary widely and ultimately infrequently present 
with classic intermittent claudication. Claudication represents approximately 10% 
of presenting symptoms, atypical leg pain representing roughly 50% of symptoms 
at presentation, and the remaining 40% having no leg pain at all [54]. Given the 
strong association of diabetes with PAD, the severity of PAD within the diabetic 
population and the potential for patients to remain asymptomatic in the setting of 
advanced disease, the American Heart Association/American College of Cardiology 
(ACC/AHA) have incorporated diabetes into the PAD screening algorithm. The 
ACC/AHA guidelines advise screening all asymptomatic diabetic patients aged 
50–64 and any patients aged <50 with diabetes and one additional risk factors for 
PAD. The most recent ACC guidelines recommend screening for PAD with ankle- 
brachial index (ABI) even without history or physical examination findings sugges-
tive of PAD (Class IIa indication) [55].

Rutherford, and later Baker, developed the Rutherford Classification as a stan-
dard for reporting chronic lower extremity ischemia in 1986 with revisions in 1997 
[56]. This classification combines a clinical description as well as objective nonin-
vasive data. There are seven Rutherford Baker (RB) stages (0–6) with stage 0 for 
asymptomatic patients. The clinical description are as follows: Stage 0 denotes the 
asymptomatic patient with no hemodynamically significant occlusive disease. 
Stages 1, 2, and 3 represent mild, moderate, and severe claudication, respectively. 
Stage 4 is indicative of ischemic rest pain, while Stages 5 and 6 are categorized by 
minor and major tissue losses, respectively [56, 57] (Table 25.1).
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Table 25.1 Rutherford classification for chronic limb ischemia

Stage Patient presentation

0 Asymptomatic
1 Mild claudication
2 Moderate claudication
3 Severe claudication
4 Rest pain
5 Ischemic ulceration not exceeding ulcer of the digits of 

the foot
6 Severe ischemic ulcers or frank gangrene

Acute limb ischemia (ALI) has a separate Rutherford classification system, 
which categorizes the acute limb into viable, threatened, or irreversible [56, 57]. 
Acute limb ischemia is a common complication in diabetics patients with PAD [54]. 
A popular theory to guide revascularization strategies in ALI is the concept of arte-
rial perfusion via angiosomes. Angiosome directed revascularization revolves 
around anatomical units of tissue (skin, subcutaneous tissue, fascia, muscles, nerves, 
and bone) that are supplied by a major vessel; these units are called angiosomes. 
There are three vessels that supply five angiosomes in the foot [58, 59]. The anterior 
tibial becomes the dorsalis pedis and supplies the dorsum of the foot. The peroneal 
artery provides a collateral vessel that supplies the lateral ankle and heel. The pos-
terior tibial artery divides into the medial and lateral plantar arteries. These three 
vessels then supply the medial ankle, and the medial, and lateral plantar surface of 
the foot and digits. Angiosome directed revascularization (sometimes referred to as 
direct revascularization) is not always possible. Therefore, the conventional endo-
vascular approach to treating foot ulcers and gangrene has been to improve flow in 
whichever vessel is easiest to recannulize, thereby allowing wound healing via col-
lateral flow (indirect revascularization). To date, no randomized control trials have 
been performed to evaluate direct versus indirect revascularization strategies on 
wound healing. A meta-analysis, published in 2014, included nine studies compar-
ing direct versus indirect revascularization which showed significantly improved 
wound healing (HR, 0.64; 95% CI, 0.52–0.80), lower risk of amputation (HR, 0.72; 
95% CI, 0.50–1.04), and higher limb salvage rates (HR, 0.43; 95% CI, 0.24–0.77) 
with a direct revascularization approach (Table 25.2) [60].

 Revascularization Approach: Surgery Versus Endovascular Intervention

Chronic lower extremity ischemia (CLI) is initially managed with smoking cessa-
tion, guidelines-directed medical therapy (GDMT), structured exercise therapy, and 
care to minimize tissue loss. If patient has persistent lifestyle-limiting claudication 
(RB3) or critical limb ischemia (RB4–6), then revascularization is appropriate [53]. 
Revascularization can be achieved by surgical endarterectomy, endovascular revas-
cularization, or a hybrid approach [61]. The Bypass versus Angioplasty in Severe 
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Table 25.2 Rutherford classification for Acute Limb Ischemia

Category Description/prognosis

Findings Doppler signals

Sensory loss
Muscle 
weakness Arterial Venous

I—Viable Not immediately 
threatened

None None Audible Audible

II—Threatened
a—
Marginally

Salvageable if promptly 
treated

Minimal (toes) 
or none

None Inaudible Audible

b—
Immediately

Salvageable with 
immediate 
revascularization

More than toes, 
associated with 
rest pain

Mild, 
moderate

Inaudible Audible

III—
Irreversible

Major tissue loss or 
permanent nerve damage 
inevitables

Profound, 
anesthetic

Profound, 
paralysis 
(rigor)

Inaudible Inaudible

Ischemia of the Leg (BASIL Trial) published in 2010 was designed as a randomized 
controlled trial to investigate revascularization strategies (surgical bypass versus 
endovascular therapy) in patients with severe leg ischemia defined as rest pain and/
or tissue loss (ulcer and/or gangrene) of arterial etiology present for more than 
2 weeks. The trial enrolled 453 patients with critical limb ischemia and randomized 
to surgical bypass (n = 228 patients) versus PTA (n = 224 patients) and followed 
amputation-free survival at 3–7 years and operative survival. The BASIL trial dem-
onstrated that endovascular revascularization is an effective treatment option for 
infrainguinal PAD patients presenting with CLI as compared with open surgical 
treatment. The primary endpoint of amputation-free survival was the same in the 
endovascular and surgical arms [62, 63].

Revascularization via open lower extremity bypass (LEB) versus endovascular 
peripheral vascular intervention (PVI) was studied in 2019 by Hicks et al., in a pro-
spective trial randomizing 195 revascularizations in 120 diabetic patients presenting 
with critical limb-threatening ischemia. The majority (65.6%) of the disease 
detected was multilevel. In the LEB cohort, 67.9% of targets were infrapopliteal and 
in the PVI cohort 63.4% of interventions were isolated to or involved the tibial ves-
sels. At 4 years postoperatively, there was no significant difference in crude (unad-
justed) primary patency for PVI versus LEB (34.5 ± 6.6% vs. 49.6 ± 8.1, p = 0.89). 
Secondary patency was better for the LEB group (50.3 ± 7.4% vs. 55.4 ± 7.5%; 
p = 0.04), and amputation-free survival was similar (65.1 ± 6.7% vs. 60.9 ± 9.7%; 
p = 0.79). Notably, perioperative complications occurred and 52.8% in LEB verses 
12.0% in the PVI cohorts (p < 0.001). When the data was adjusted for baseline dif-
ferences between groups, primary patency (HR: 0.61; 95% CI: 0.34–1.10) and 
amputation-free survival (HR: 1.51; 95% CI: 0.71–2.34) remained similar for both 
interventions, but secondary patency was persistently lower for PVI (HR: 0.35; 95% 
CI: 0.14–0.90). This study adds to the data showing that endovascular interventions 
for treatment of lower extremity PAD have equivalent long-term amputation-free 
survival, improved secondary patency, and significantly lower perioperative compli-
cations when compared to open surgery, in the diabetic patient [64].

25 Diabetes and Percutaneous Interventional Therapy



710

 Endovascular Therapies in the Diabetic Patient

Initial data from the early 2000s suggested that diabetic patients had worse out-
comes after peripheral revascularization compared to a nondiabetic cohort. A retro-
spective cohort study from 2005 of 65 consecutive patients with lower extremity 
PAD who underwent long-segment (≥10 cm) femoropopliteal stent implantation 
using self-expanding nitinol stents after initial failure of plain balloon angioplasty 
compared diabetic versus nondiabetic patients. The study tracked cumulative free-
dom from restenosis at 6 and 12 months where restenosis was defined by duplex and 
confirmed angiographically (>50% diameter reduction). Rates of restenosis at 
6 months and 12 months were 84% and 71% in nondiabetic patients (n = 41) versus 
68% and 22% in diabetics (n = 24) (adjusted hazard ratio 3.8, p = 0.01). The results 
from this study strongly suggested that diabetic patients have worse outcomes after 
endovascular stent revascularization when compared to the nondiabetic population 
[65]. A later retrospective study, published in 2008, studied 291 patients with RB 
stages 3–6 disease who underwent a total of 385 infrainguinal interventions and 
compared the outcomes between the diabetic and nondiabetic patients. Interventions 
included angioplasty, cryoplasty balloon angioplasty, bare-metal stent placement, 
and laser and excisional atherectomy. The results from this study suggested that 
there was a reduced but non-significant difference between diabetic and nondiabetic 
patients: for nondiabetics, primary patency was 88 ± 2%, 71 ± 4%, and 58 ± 4% at 
6, 12, and 18 months, while for diabetics, it was 82 ± 2%, 53 ± 4%, and 49 ± 4%, 
respectively (p = 0.05) [66].

A study published In 2017 looked at patients from the Multi-center Registry for 
Peripheral Artery Disease Interventions and Outcomes (XPLAD) involving 1906 
patients after undergoing an indexed endovascular procedure for symptomatic lower 
extremity PAD (2426 limb procedures). The interventions included superficial fem-
oral, popliteal, peroneal, anterior tibial, or posterior tibial arteries. The study found 
that diabetes increases the risk of major amputation and all-cause death at 12 months 
following endovascular revascularization. These risks are especially heightened in 
patients presenting with CLI [67].

In 2020, Lee et al. published a prospective study of 765 patients post endovascu-
lar therapy for symptomatic PAD to evaluate the long-term impact of diabetes in 
patients with PAD. PTA was performed preferentially with stenting reserved as a 
bailout therapy in the setting of an unsatisfactory angioplasty result. The primary 
endpoints where the 5-year rates of major adverse cardiac and cerebrovascular 
events (MACE) and major adverse limb events (MALE). MACE was defined as 
composite total death, myocardial infarction, repeat coronary revascularization, and 
stroke. MALE was defined as composite of target extremity revascularization or 
target extremity surgery including amputation or lower extremity bypass surgery. 
The study found similar 5-year rates of MACE both before and after propensity 
score matching analysis, between diabetic patients and patients without diabetes 
following successful endovascular revascularization: MACE (19.1% vs. 18.0%, 
p = 0.793), after propensity score matching analysis MACE (20.7% vs. 20.7%, log 
rank p = 0.989). Rates of MALE were significantly higher in the diabetic population 
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prior to propensity score matching analysis MALE (34.2% vs. 23.7%, p = 0.001) 
but after propensity score matching, MALE rates were similar and non-significant 
between both groups (19.8% vs. 24.5%, log rank p = 0.312) [68].

In an effort to determine if diabetic patients tend to do worse or better than non-
diabetic patients post percutaneous revascularization, in 2016, Hicks et al. analyzed 
a large database of 2566 patients who underwent below-knee peripheral vascular 
intervention (bypass surgery in 19% or endovascular therapy in 81%). Within the 
LEB group, there were no significant differences in 1-year primary patency (74% 
vs. 71%; p = 0.52), major amputation (16% vs. 12%; p = 0.39), or mortality (10% 
vs. 6%; p = 0.16) between diabetic and nondiabetic patients. There were also no 
significant differences in 1-year primary patency (81% vs. 79%; p = 0.36), major 
amputation (14% vs. 11%; p = 0.09), or mortality (6% vs. 7%; p = 0.30) among 
patients with diabetes versus nondiabetic patients undergoing PVI. Multivariable 
analysis adjusting for baseline differences between groups demonstrated a non- 
significant trend toward better primary patency in the diabetic group following both 
LEB (hazard ratio, 1.55; 95% confidence interval, 1.00–2.42; p = 0.05) and PVI 
(hazard ratio, 1.23; 95% confidence interval, 0.97–1.56; p = 0.09). There were no 
significant differences in 1-year major amputation or mortality between the diabetic 
and nondiabetic cohorts for either LEB or PVI after risk adjustment (p ≥ 0.16) [69].

 Drug-Coated Balloons and Drug-Coated Stents

In the early days of endovascular peripheral interventions, percutaneous translumi-
nal angioplasty (PTA) was the only tool available and the initial immediate success 
rate was excellent with PTA. Unfortunately, with PTA alone, a high incidence of 
short-term restenosis became well documented [70]. Subsequently, bare metal 
stents (BMS) were introduced, which had a greatly improved patency rate over PTA 
alone, yet still had a high rate of restenosis at 1 year primarily due to neointimal 
hyperplasia (30–50% restenosis) [71]. In an effort to control late restenosis by way 
of neointimal hyperplasia, drug-coated balloons (DCB), drug-eluding balloons 
(DEB), and drug-eluting stents (DES) were introduced. DCBs, DEBs, and DESs all 
function to inhibit neointimal growth by the delivery of an antiproliferative drug 
into the vessel wall. DCBs consist of a standard PTA catheter, an excipient that 
facilitates drug absorption rapidly once the balloon makes contact with the vessel 
wall and the drug itself. DCB angioplasty results in significant reduction of binary 
restenosis, target lesion revascularization, and improvement in primary patency 
rates [72].

An early trial of the antiproliferative therapy came in the DEBELLUM (Drug- 
Eluting Balloon Evaluation for Lower Limb MUltilevel TreatMent) trial, published 
in 2012, which randomized 50 patients with 122 lesions of the femoropopliteal or 
below-the-knee arteries to DEB (paclitaxel-eluting in this particular trial) vs. con-
ventional angioplasty balloon. Of the patients enrolled, 44% were diabetic patients. 
The primary endpoint for the study was late lumen loss (determined via duplex at 
6 months), and the secondary endpoints were target lesion revascularization (TLR), 
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amputation, and thrombosis. Late lumen loss was significantly lower in the DEB 
group (0.5 + 1.4 mm vs. 1.6 + 1.7 mm, p < 0.01). Furthermore, the secondary end-
points all trended toward better outcomes with DEB use: reduced TLR in the DCB 
group, 6.1% vs. 23.6% (p = 0.02), reduced amputation 3.0% vs. 7.9% (p = 0.36), 
and reduced thrombosis 3.0% vs. 5.2% (p = 0.6) [73].

One of the earliest DCB trials to enroll diabetic patients was the Belgian IN.PACT 
trial. This trial randomized 106 diabetic patients with Rutherford stage 3 to stage 5 
to treatment with either Paclitaxel DCB or PTA. Lesions included in this trial were 
within the superficial femoral artery (SFA), popliteal or below-the-knee (BTK) 
arteries and defined as follows: ≥50% de novo or restenotic SFA lesions with a 
length of ≤10 cm or ≤5 cm occlusion, ≥50% de novo or restenotic lesions or occlu-
sion of popliteal and BTK arteries with a length of ≤10 cm. The 6-month mean 
diameter restenosis was significantly lower in the DCB arm than in the PTA group 
(29 ± 36% vs. 46 ± 35%, p = 0.032) and the binary (≥50% diameter stenosis) reste-
nosis rate was significantly lower in DCB patients compared with the PTA’s (27% 
vs. 49%, p = 0.03). The primary patency was significantly better in the paclitaxel- 
coated balloon group (73% vs. 51%, p = 0.03). The 6-month adverse effects rates 
were similar: 5.5% in the PTA and 5.7% in the DCB arm. The IN.PACT trial results 
suggest that DCB treatment for lower extremity disease within the diabetic popula-
tion is effective and safe [74].

In 2016, Ibrahim et al. published a retrospective study looking at diabetic patients 
with Rutherford stages 3–6 undergoing infrapopliteal revascularization treated with 
Paclitaxel DCB vs. standard PTA and found that primary patency was higher in the 
DCB group than in the PTA group (97.8% vs. 81.1%, p = 0.020) in the first 3 months. 
However, there was no statistically significant difference in primary patency at the 
12-month follow-up (68.2% vs. 48.5%, p = 0.131). Likewise, at 12-month follow-
 up, there was no difference in clinical improvement between the groups (p = 0.193) 
[75]. These trials suggest that DCB therapy is superior to PTA and that in the dia-
betic population, outcomes are similar to the nondiabetic population.

The Bare Metal Stent Versus Paclitaxel Eluting Stent in the Setting of Primary 
Stenting of Intermediate Length Femoropopliteal Lesions (BATTLE) trial, pub-
lished in 2020, randomized 181 enrolled patients with Rutherford classification 2–5 
with de novo atherosclerotic femoropopliteal lesions (2–14  cm in length with a 
reference vessel diameter of 4–7 mm) to be treated either by BMS or polymer-free 
DES. The primary endpoint was freedom from in-stent restenoses at 1 year defined 
by duplex as peak systolic velocity index >2.4 at the target lesion. Unfortunately, 
diabetes was the only baseline characteristic that was not well balanced, represent-
ing 26% in the BMS group versus 48% in the DES group. Despite the unequal 
representation of diabetes within the two groups or possible in spite of this differ-
ence, the BATTLE trial found that DES was not superior to a BMS when measuring 
freedom from in-stent restenosis at 1 year (88.6% within the BMS group compared 
with 91.0% of the DES group (p = 0.64)) [76].

The IMPERIAL trial was designed to compare drug-coated stents (DCS) versus 
drug-eluding stents (DES). The trial enrolled 465 patients with Rutherford category 
2–4 with lesion(s) in the native SFA and/or proximal popliteal artery with stenosis 
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≥70% by visual angiographic assessment. Patients were randomized in a 2:1 fash-
ion to receive either Boston Scientific’s Eluvia DCS (n = 309; 42% of which carried 
the diagnosis of diabetes) or Cook Medical’s Zilver PTX DES (n = 156; 44% of 
which carried the diagnosis of diabetes). The primary endpoint, primary patency at 
12 months by duplex ultrasound, was equivalent for both DCS and DES therapies; 
86.8% vs. 81.5%, respectively, p for noninferiority <0.0001 [77].

Diabetes is a well-known predictor of in stent restenosis (ISR) in lower extremity 
PAD [78]. To investigate the effectiveness of DEB therapy for ISR within the dia-
betic population, the Paclitaxel-Eluting Balloon vs. Standard Angioplasty to Reduce 
Recurrent Restenosis in Diabetic Patients with InStent Restenosis of the Superficial 
Femoral and Proximal Popliteal Arteries: The DEBATE-ISR Study was undertaken. 
The DEBATE-ISR study examined the 1-year rate of restenosis (>50% diameter 
reduction) in diabetic patients with femoropopliteal ISR who underwent treatment 
with DEBs and found that recurrent restenosis, assessed by angiography (66%) or 
ultrasound (34%), occurred in 19.5% patients in the DEB group versus 71.8% in the 
PTA group (p = 0.001). Likewise, target lesion revascularization for symptomatic 
recurrent restenosis was reduced in the DEB-treated group 13.6% versus 31.0% in 
the PTA group (p = 0.045) [79].

 Debulking Therapies

The DEFINITIVE LE Study, published in 2014, was a prospective study that 
enrolled 800 claudicant or CLI patients with infrainguinal lesions up to 20 cm and 
treated these patients with directional atherectomy. Within the claudicant cohort 
(598 patients), the 12-month primary patency rate was 77% in the diabetic subgroup 
versus 78% in the nondiabetic subgroup (noninferior, p  <  0.001) [80]. The 
DEFINITIVE LE study suggests that diabetic patient do equally well with infrain-
guinal atherectomy treatment when compared to the nondiabetic cohort.

The REALITY trial (DiRectional AthErectomy  +  Drug CoAted BaLloon to 
Treat Long, CalcifIed FemoropopliTeal ArterY Lesions), published in 2020, 
assessed the safety and effectiveness of a vessel preparation strategy with direc-
tional atherectomy before DCB angioplasty in patients with symptomatic severely 
calcified femoropopliteal PAD. The study prospectively enrolled 102 patients at 13 
multinational centers with 8–36  cm femoropopliteal stenoses or occlusions with 
bilateral vessel wall calcification treated with directional atherectomy prior to DCB 
angioplasty. Results included a 12-month primary patency rate of 77% (66/86) and 
freedom from clinically driven target lesion revascularization rate of 93% (87/94). 
This study suggested that vessel preparation with directional atherectomy followed 
by DCB is a safe and effective strategy [81].

The LIBERTY trial is an ongoing prospective, observational, multicenter study 
of endovascular atherectomy treatment in 1204 patients. The study included any 
endovascular atherectomy device, but the majority of the devices used were the 
orbital atherectomy system. Patients were stratified into three categories: Rutherford 
classification (RC) 2–3 (501 patients/599 lesions), RC 4–5 (603 patients/758 
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lesions), or RC 6 (100 patients/146 lesions). The 1-year results show that 30-day 
freedom from major adverse events (MAE) estimates were high across all groups: 
99.2% in RC 2–3, 96.1% in RC 4–5, and 90.8% in RC 6. At 12 months, the freedom 
from MAE was 82.6% in RC 2–3, 73.2% in RC 4–5, and 59.3% in RC 6 patients. 
Estimates for freedom from major amputation at 12 months were 99.3%, 96.0%, 
and 81.7%, respectively. As expected, the prevalence of diabetes increased signifi-
cantly with the increase in Rutherford classification and was highest (79%) in 
RC 6 [82].

 Renal Interventions

Renal artery stenosis (RAS) has a prevalence of 13.6% among diabetic patients 
(83% unilateral, 17% bilateral; 11.7% with total thrombosis) compared to roughly 
4% in the general public [83]. In diabetic patients with hypertension and or renal 
impairment, the prevalence increases to 33% [84]. To make the diagnosis of RAS 
imaging is required and may be accomplished by several modalities: duplex ultra-
sound, CT angiography (CTA), MR angiography (MRA), or endovascular 
angiography.

The ASTRAL (Angioplasty and Stenting for Renal Artery Lesions) trial random-
ized 806 patients with substantial anatomical atherosclerotic stenosis in at least one 
renal artery to percutaneous renal artery revascularization plus medical therapy or 
medical therapy alone. Diabetes was present in 30% of the patients enrolled. 
Notably, patients with need for surgical revascularization or high likelihood of 
needing revascularization within 6 months were excluded. Overall mortality was 
25.6% in the revascularization group, as compared with 26.3% in the medically 
treated groups (p  =  0.46). There was no difference in serum creatinine, systolic 
blood pressure, time to first renal event, or overall vascular event during follow-up 
(p = NS for all outcomes) [85].

The CORAL (Renal Artery Stenting in Preventing CV and Renal Events) trial, 
published in 2014, randomized 947 patients with atherosclerotic renal artery steno-
sis and hypertension or chronic kidney disease to renal artery stenting plus medical 
therapy or medical therapy alone. Over the course of a median 43 months of follow-
 up, 35.1% of patients who underwent stent implantation and 35.8% of patients who 
received medical therapy alone reached the primary endpoint of a composite of 
adverse cardiovascular and renal events that included death from cardiovascular or 
renal causes, myocardial infarction, stroke, hospitalization for congestive heart fail-
ure, progressive renal insufficiency, or the need for renal-replacement therapy. The 
difference did not reach statistical significance (p = 0.58). No statistically signifi-
cant differences in the individual components of the composite endpoint or all- 
cause mortality were observed. Stenting was associated with a modest improvement 
in systolic blood pressure during follow-up (−2.3 mmHg; 95% CI, −4.4 to −0.2, 
p = 0.03). No interactions were observed between treatments and the pre-specified 
diabetic subgroup with respect to the occurrence of the primary endpoint [86].
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The above trials studying renal artery revascularization were mostly negative but 
excluded many patients who might benefit. CORAL, STAR, and ASTRAL all 
showed no benefit to revascularization if blood pressure is controlled and renal 
functions are stable. Of note, these randomized controlled trials included only mild 
disease and left out the patients who seemed more unstable, i.e., patients with severe 
hypertension or declining renal function both of which are prevalent in the diabetic 
population.

 Carotid Interventions

Approximately, 800,000 primary (first-time) or secondary (recurrent) strokes occur 
each year in the United States; the majority of these strokes being primary strokes 
(approximately 75%) [87]. Diabetes increases the risk of ischemic stroke in the 
general population [88] and can also aggravate the severity of extracranial athero-
sclerotic disease [89]. Carotid lesions in diabetic patients tend to have an increased 
frequency of echogenic and extensively calcified plaques [90].

In the Insulin Resistance Atherosclerosis Study, investigators compared the rate 
of progression of carotid atherosclerosis by way of internal carotid artery intimal 
media thickness (ICA IMT) measurements in patients with normal glucose toler-
ance, impaired glucose tolerance, and undiagnosed and diagnosed type 2 diabetes. 
After adjustment for CVD risk factors, a graded relation was observed with ICA 
IMT progression rates: lowest in those with normal glucose tolerance and impaired 
glucose tolerance (19.6 μm/year and 16.9 μm/year, respectively), intermediate in 
persons with diagnosed diabetes (26.6 μm/year), and highest in persons with undi-
agnosed diabetes (33.9  μm/year). Glucose tolerance status was significantly 
(p = 0.001) predictive of ICA IMT progression [91].

Diagnosis of carotid artery stenosis is made by way of an imaging modality. 
Diagnostic options include duplex, CTA, MRA, or angiogram. An angiogram may 
be necessary to resolve discordance between noninvasive imaging findings or dur-
ing intervention.

There is a correlation between the degree of stenosis and cerebrovascular out-
comes in both symptomatic and asymptomatic patients. The distinction between 
asymptomatic patients and patients who have experienced a stroke or a transient 
ischemic attack (TIA) is of importance in terms of management.

The CREST (Carotid Revascularization Endarterectomy vs. Stenting Trial) trial, 
published in 2010, sought to compare outcomes between carotid artery stenting 
(CAS) and carotid endarterectomy (CEA) in a contemporary population. 
Approximately, 30% of patients enrolled carried the diagnosis of diabetes. The trial 
included symptomatic patients with an associated carotid stenosis ≥50% by angiog-
raphy, ≥70% by ultrasound, or ≥70% by CTA or MRA as well as asymptomatic 
patients (in the last 6 months) with carotid stenosis ≥60% by angiography or ≥70% 
by ultrasound or ≥80% by CTA or MRA. The primary endpoint of death, myocar-
dial infarction (MI), or stroke at 30 days plus ipsilateral stroke up to 4 years was 
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similar between the CAS and CEA arms (7.2% vs. 6.8%, HR 1.11, 95% CI 
0.81–1.51, p = 0.51). On 10-year follow-up, the primary endpoint for CAS vs. CEA 
was 11.8% vs. 9.9% (p = 0.51). No interaction was noted by symptomatic status. 
Postprocedural ipsilateral stroke was 6.9% vs. 5.6% for CAS vs. CEA (p = 0.96); 
major stroke was 2.7% vs. 1.1% for CAS vs. CEA (p = 0.2); and restenosis/repeat 
revascularization was 12.2% vs. 9.7% for CAS vs. CEA (p > 0.05) [92].

According to the ACC/AHA guidelines released in 2011, symptomatic carotid 
artery stenosis should be revascularized either by way of CAS or CEA in patients 
with greater than 70% stenosis by noninvasive imaging or greater than 50% stenosis 
by angiography (Class I indication). Revascularization in contraindicated in patients 
with a chronic total occlusion. It is reasonable to revascularize asymptomatic 
patients with greater than 70% stenosis if perioperative risk is low by way of CEA 
or CAS [93]. Efficacy of optimal medical therapy versus carotid endarterectomy 
versus carotid artery stenting is currently being studied in the CREST 2 trial.

The currently ongoing Carotid Revascularization and Medical Management for 
Asymptomatic Carotid Stenosis Trial (CREST-2) is two parallel multicenter ran-
domized trials involving patients with asymptomatic high-grade carotid stenosis. 
One arm of the study randomizes patients to endarterectomy versus no endarterec-
tomy and one arm of the study randomizes patients to carotid stenting versus no 
stenting. All arms have uniform medical management.
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Chapter 26
Cardiac Surgery and Diabetes Mellitus

Michael P. Robich and Frank W. Sellke

 Introduction

In 2018, 34.2 million or 10.5% of the US population were affected by diabetes, 
and 88 million Americans aged 18 and older had prediabetes [1]. These individuals 
carry up to eight times the risk of cardiovascular events compared to nondiabetic 
individuals, making cardiovascular disease the largest cause of mortality in this 
population [2]. The prevalence of coronary artery disease (CAD) has been estimated 
to be as high as 55% in the diabetic population [3]. It has been shown that diabe-
tes is a major independent risk factor for cardiovascular disease after adjustment 
for other risk factors such as age, hypertension, hypercholesterolemia, and tobacco 
abuse [4]. Patients with diabetes appear to develop accelerated and more severe 
CAD and also exhibit a diminished angiogenic response to myocardial ischemia as 
shown angiographically [5] and in autopsy studies [6]. This diminished angiogenic 
response is associated with coronary microvascular and endothelial dysfunction as 
well as the presence of an overall anti-angiogenic milieu leading to fewer collateral 
blood vessels [7, 8]. Hyperglycemia, hyperinsulinemia, and insulin resistance fur-
ther add to the development of CAD, cardiomyopathy, and heart failure (Fig. 26.1). 
This culminates in a greater tendency toward more frequent and more severe 
adverse cardiovascular events. The relative risk of myocardial infarction is 50% 
greater in diabetic men and 150% greater in diabetic women [9]. Approximately, 
20–30% of patients who have undergone coronary artery bypass grafting (CABG) 
have diabetes mellitus [10]. Thus, diabetic patients undergoing surgical coronary 
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Fig. 26.1 Pathophysiologic mechanisms of heart disease in diabetes. Mechanisms by which dia-
betes effects multiple pathologic changes leading to coronary artery disease, cardiomyopathy, and 
ultimately heart failure. ASCVD atherosclerotic cardiovascular disease, FFA free fatty acids, AGE 
advanced glycation end-product

revascularization represent a large and complex patient population. There continue 
to be advancements in both percutaneous coronary interventions (PCI), primarily 
the use of drug-eluting stents, and surgical techniques, such as off-pump CABG 
and the use of multiple arterial grafts, that have continued to improve methods of 
coronary revascularization. While there is evidence to suggest that these new tech-
niques have improved outcomes in diabetic patients [11], the optimal treatment for 
multivessel CAD continues to evolve for the diabetic patient population, which still 
suffers from worse long-term outcomes compared to the nondiabetic population.

 Operative Risks of Cardiac Surgery in Diabetic Patients

In diabetic patients, CAD is not only more prevalent compared to nondiabetic 
patients, but also is more extensive, involves multiple vessels, and is often rapidly 
progressive. Patients with diabetes represent a significant proportion of the popula-
tion requiring myocardial revascularization and can offer a technical challenge due 
to the often diffuse nature of the coronary disease. In the diabetic population, coro-
nary artery bypass grafting (CABG) has been associated with increased rates of 
perioperative complications and mortality as compared to nondiabetic patients in 
the past (Table 26.1). More recently, diabetes has not been associated with worse 
post-operative or short-term complications [12], even with reduced ejection fraction 
[13]. Diabetes has, however, been well established as an independent risk factor for 
increased late mortality in patients treated with CABG [14–16]. A review of 9920 
patients with diabetes and 2278 patients without diabetes from a single center over 
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Increased morbidity
    Stroke
    Low cardiac output syndrome
    Renal failure
    Wound infection
Increased mortality

Table 26.1 Risks associated 
with diabetes mellitus and 
cardiac surgery

15 years revealed lower survival rates in diabetics versus nondiabetics at 5 years 
(78% vs. 88%) and 10 years (50% vs. 71%) of follow-up [16]. One recent study of 
over 6000 patients having CABG showed that the pre-operative HgbA1c is predic-
tive of long-term survival, with the risk of death increasing by 13% for every unit 
increase in HbA1c [11]. In addition to decreased long-term survival, patients with 
diabetes have been shown to have increased rates of sternal wound infection [17–
19]. Diabetes appears to increase the risk of both superficial sternal wound infec-
tions and the deep space mediastinitis [20] as well as saphenous vein harvest site 
infections [21]. While diabetes has also been associated with increased rates of 
renal complications [22], more recent studies have shown that diabetes may not be 
an independent predictor of renal insufficiency [23]. Pulmonary complications 
including prolonged ventilation and reintubation occur more frequently in diabetic 
patients [24], with one study of 8555 patients showing only patients with undiag-
nosed or insulin-dependent diabetes were at increased risk [24]. While diabetic 
patients appear to be at increased risk for complications after cardiac surgery, it 
appears there has been some progress in mitigating these risks. This may be due to 
improved perioperative blood glucose control, enhanced cardiopulmonary bypass 
technology, and better post-operative critical care management. Finally, once 
patients with diabetes have been discharged from the hospital, evidence suggests 
that this group of patients is at higher risk for readmission [25]. Thus, diabetics 
present a challenging patient population for cardiac surgeons. Severe, multivessel 
coronary disease in the diabetic population often benefits from surgical revascular-
ization, which is associated with some increased morbidity and long-term mortality.

 Strategies for Myocardial Revascularization 
in Diabetic Patients

 CABG Versus Percutaneous Angioplasty

Several large, published clinical studies have demonstrated that patients with diabe-
tes suffering from multivessel coronary disease have an increased survival benefit 
when treated surgically with CABG as compared to percutaneous transluminal 
coronary angioplasty (PTCA). The BARI study was initiated by the National Heart, 
Lung, and Blood Institute (NHLBI) in 1987 to test the hypothesis that in patients 
with multivessel CAD, initial revascularization by PTCA does not result in a poorer 
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outcome than CABG during a follow-up period of five months. The study was a 
multicenter, randomized trial that assigned patients with multivessel CAD to an 
initial treatment strategy of either CABG (n = 914) or PTCA (n = 915). Average 
follow-up was 5.4 years. The five-year survival rate was 89.3% for patients assigned 
to CABG and 86.3% for those assigned to PTCA. Five-year survival rates free from 
Q-wave myocardial infarction were 80.4% for CABG and 78.7% for PTCA. By five 
years of follow-up, 8% of the patients assigned to CABG had undergone additional 
revascularization procedures, while 54% of patients assigned to PTCA required fur-
ther revascularization. Among diabetic patients treated with either oral hypoglyce-
mic agents or insulin, five-year survival was greater in the CABG group at 80.6% 
compared to 65.5% in the PTCA group [26].

Several follow-up studies to the BARI trial provided additional information. A 
study that examined the finding of increased survival in diabetic patients who had 
CABG versus PTCA determined that the improved survival was due to reduced 
cardiac mortality. Furthermore, the reduced cardiac mortality was confined to those 
that received at least one internal mammary artery graft, suggesting that long-term 
patency of the internal mammary artery graft contributed to the reduction in cardiac 
mortality [27]. In another follow-up study of myocardial infarction after CABG or 
PTCA, diabetic patients undergoing CABG had a greatly reduced risk of death from 
Q-wave myocardial infarction compared to those that were treated with 
PTCA. Patients with diabetes were 10 times more likely to die of their myocardial 
infarction if treated with PTCA as compared to CABG [28]. Overall, CABG was 
shown to be the treatment of choice for diabetic patients with multivessel CAD 
based on these results that showed improved long-term survival when compared 
to PTCA.

 CABG Versus Stenting

Since the BARI study compared CABG with PTCA and demonstrated a survival 
advantage for diabetic patients treated surgically, the use of stents (bare-metal, 
drug-eluting (DES), and bioresorbable coronary scaffolds), rotational and orbital 
atherectomy, strong anti-platelet agents, and glycoprotein IIb/IIIa inhibitors have 
become central to the treatment of coronary disease by percutaneous coronary inter-
vention (PCI) with demonstrated clinical benefits over PTCA [29]. Improvements 
in percutaneous technology and techniques including treatment of chronic total 
occlusions (CTO), unprotected left main lesions, bifurcation lesions, and PCI with 
mechanical circulatory support have been introduced. These advanced approaches 
have made percutaneous treatment available to more patients and prompted further 
comparisons with CABG.  Furthermore, CABG has seen improved surgical out-
comes as well, likely due the more common use of arterial conduits and better 
adherence to guideline directed medical management after surgery in multivessel 
CAD (2 vessel with proximal LAD and ≥3 vessel) [30].
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The Arterial Revascularization Therapies Study (ARTS) randomly assigned 
1205 patients with multivessel CAD to either stent placement or CABG. The pri-
mary clinical end points were freedom from cardiac or cerebrovascular events at 
one year. There was no significant difference between groups in terms of peri- 
procedural rates of death, stroke, or myocardial infarction. However, at one-year 
follow-up, 16.8% of patients in the stent group required a second revascularization 
compared to only 3.5% in the surgery group [31]. A study of the outcomes of dia-
betic patients in the ARTS trial showed that diabetics treated with stenting had a 
1-year event-free survival of 63.4% compared to nondiabetics at 76.2%. In contrast, 
patients with diabetes and without diabetes treated by CABG had similar 1-year 
event-free survival at 84.8% and 88.4%, revealing significantly greater event-free 
survival when compared to the stent group. Event-free survival of diabetic patients 
was lower in the PCI group at 1 year compared to the CABG group due to a higher 
incidence of repeat revascularization in the PCI group [32]. A follow-up study 
examined the two-year outcomes of the patients enrolled in the ARTS trial. Again, 
at two years, freedom from death, stroke, and myocardial infarction was equivalent 
in the stent and CABG groups. Similarly, event-free survival was greater in the 
CABG group (84.8%) than in the stent group (69.5%). In diabetic subgroup, the 
difference was more pronounced with event-free survival of 82.3% in the surgery 
group and 56.3% in the stent group. The follow-up study concluded that the greater 
need for repeat revascularization in the PCI group seen at 1 year remained essen-
tially unchanged at 2 years, particularly in the diabetic group, suggesting that sur-
gery is the preferable form of treatment for these patients [33].

The SYNTAX trial randomly assigned 1800 patients with three-vessel or left 
main coronary artery disease to undergo CABG or PCI with DES (paclitaxel-eluting 
stents) in a non-inferiority trial [34]. At one year, the rates of major adverse cardiac 
or cerebrovascular events (MACCE) were significantly higher in the PCI group 
(17.8% vs. 12.4% for CABG; P = 0.002), in large part because of an increased rate 
of repeat revascularization in the PCI group (13.5% vs. 5.9%, P < 0.001). The rates 
of death and myocardial infarction were similar between the two groups; stroke was 
more likely with CABG (2.2%, vs. 0.6% with PCI; P = 0.003). Non-inferiority cri-
teria were not met in this trial. To quantitate the anatomic complexity of the CAD 
for this study, the SYNTAX score algorithm was utilized [35]. This tool, often used 
in subsequent studies, allows for risk stratifying patients with complex coronary 
artery disease. It is somewhat cumbersome to calculate and not often used in daily 
clinical practice, but has been validated [36]. The five-year analysis of SYNTAX 
studied subgroups with (n = 452) or without (n = 1348) diabetes [37]. This showed 
that MACCE rates were significantly higher for PCI vs. CABG (PCI: 46.5% vs. 
CABG: 29.0%; P < 0.001) and repeat revascularization (PCI: 35.3% vs. CABG: 
14.6%; P < 0.001). There was no difference in the composite of all-cause death, 
stroke, MI (PCI: 23.9% vs. CABG: 19.1%; P = 0.26) or individual components all- 
cause death (PCI: 19.5% vs. CABG: 12.9%; P  =  0.065), stroke (PCI: 3.0% vs. 
CABG: 4.7%; P = 0.34) or MI (PCI: 9.0% vs. CABG: 5.4%; P = 0.20). At five 
years, the authors conclude, “PCI is a potential treatment option in patients with 
less-complex lesions, CABG should be the revascularization option of choice for 
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patients with more-complex [SYNTAX score >22] anatomic disease, especially 
with concurrent diabetes.” The 10-year analysis showed mortality after PCI of 28% 
and 24% after CABG (hazard ratio 1.19 [95% CI 0.99–1.43], P = 0.066). Among 
patients with three-vessel disease, 28% died after PCI vs. 21% after CABG (hazard 
ratio 1.42 [95% CI 1.11–1.81]), and among patients with left main coronary artery 
disease, 27% died after PCI vs. 28% after CABG (0.92 [0.69–1.22]) [38]. While the 
study demonstrated a survival advantage for three-vessel CAD, this did not appear 
to apply to left main CAD. The FREEDOM trial confirmed the SYNTAX findings 
in 1900 patients with multivessel CAD and diabetes, demonstrating comparatively 
worse 5-year rates of composite MACCE outcomes, including death from any 
cause, nonfatal MI, or nonfatal stroke, in the PCI group (27% vs. 19% in the CABG 
group) with any SYNTAX score [39].

Subsets of coronary artery disease, such as unprotected left main disease and 
reduced ejection fraction, have been further studied to understand the value of 
CABG and PCI. Several studies have examined the role of PCI in unprotected left 
main CAD.  Utilizing SYNTAX trial data and five other RCTs, a recent meta- 
analysis of 4686 patients demonstrated similar mortality rates between PCI and 
CABG at a short-term follow-up of 39 months [40]. The authors noted that there 
was an association based on complexity of disease (SYNTAX score) and survival, 
with low SYNTAX scores doing better with PCI and higher SYNTAX scores ben-
efiting from CABG.  The European NOBLE RCT allocated patients to PCI with 
Biolimus-eluting biodegradable stent (n = 598) or CABG (n = 603) [41]. Only 15% 
of the patients were diabetic in this trial. At a median of 4.9 years of follow-up, the 
MACCE rates were 28% for PCI and 19% for CABG (HR 1.58 [95% CI 1.24–2.01]; 
P = 0.0002). CABG was found to be superior for the primary composite endpoint. 
This was largely based on non-procedural myocardial infarction that was 8% after 
PCI vs. 3% after CABG (HR 2.99 [95% CI 1.66–5.39]; P = 0.0002); and repeat 
revascularization of 17% after PCI vs. 10% after CABG (HR 1.73 [95% CI 
1.25–2.40]; P = 0.0009).

The EXCEL trial is the largest trial of stent versus surgery in left main disease 
performed to date [42]. They enrolled patients with left main coronary artery dis-
ease of low or intermediate anatomical complexity (SYNTAX score ≤  32), 948 
patients in PCI group (everolimus-eluting stents) and 957 patients in the CABG 
group, and 29% had diabetes. At a median of 5 years of follow-up, no significant 
difference between PCI and CABG with respect to the rate of the composite out-
come of death, stroke, or myocardial infarction was found. There have been numer-
ous publications comparing these two studies which seemingly came to different 
conclusions. The EXCEL trial used a primary composite endpoint that did not 
include repeat revascularization. This was higher in PCI (17.2% vs. 10.5% in CABG 
(HR 1.79 [95% CI 1.36–2.36]; P < 0.0001)). When repeat revascularization was 
included in the composite endpoint, CABG was superior at 5 years of follow-up. 
While neither NOBLE or EXCEL was powered to assess mortality as a single end-
point, in EXCEL, death was significantly more common in the PCI group (HR 1.38 
[95% CI 1.03–1.85]; P < 0.0001). Both studies were funded by the respective stent 
manufacturer; however, interpretation of the EXCEL trial has been further 
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complicated by credible concerns over data management. These include the defini-
tion periprocedural MI used (using creatine kinase-MB rather than troponin), down-
playing the higher mortality rate in the PCI group, and industry influence. Abbott 
(the stent maker) stopped the trial early, cutting enrollment from the planned 2600 
to 1906 patients when mortality concerns were raised by the data safety monitor-
ing board.

While a number of studies have provided evidence that diabetic patients have 
better outcomes with surgery than PCI primarily from decreased need for revascu-
larization, the AWESOME focused on the benefit of PCI versus CABG in diabetic 
patients medically refractory myocardial ischemia and high risk for surgery, defined 
as those with previous CABG, MI within 7 days, left ventricular ejection fraction 
<35%, age greater than 70 years, or intra-aortic balloon pump requirement for sta-
bilization. This prospective, randomized trial showed that firstly, only 18.5% of 
eligible patients were actually randomized to PCI versus CABG and that for these 
patients randomized to CABG or PCI, 36-month survival rates were similar at 85% 
and 89%, respectively. The non-randomized patients had greater incidence of triple 
vessel disease and the majority underwent CABG. In the subset of diabetic patients 
who were randomized to CABG, there was less recurrent angina and a decreased 
need for repeat revascularization [43].

Many studies and meta-analyses have been performed to understand if newer 
percutaneous techniques and devices are superior to surgical revascularization. 
Drug-eluting stents have been shown to be superior to bare metal stents [44], and 
subsequent generations of stents are similarly scrutinized. A pooled analysis of indi-
vidual patient data in the examined 11 randomized trials involving 11,518 patients 
assigned to PCI (n = 5753) or to CABG (n = 5765) [45]. The mean SYNTAX score 
was 26 ± 9 with mean follow-up of 3.8 years. In this large cohort, five-year all-cause 
mortality was 11% after PCI and 9% after CABG (hazard ratio [HR] 1.20, 95% CI 
1.06–1.37; P = 0.0038), and in diabetics was 16% vs. 10.0% (HR 1.48, 1.19–1.84; 
P = 0.0004). The authors conclude that CABG has a mortality benefit, especially in 
diabetics and those with complex multivessel coronary disease. A summary of the 
major RCTs and meta-analyses published in 2018 shows advantages of CABG over 
PCI even with the newest stents [46] (Fig. 26.2). The authors demonstrate that the 
current evidence from the largest RCTs supports CABG as the superior revascular-
ization strategy in multivessel disease and diabetic patients. SYNTAX demonstrated 
superiority of CABG in cases of SYNTAX scores >22 [47]. The BEST [48] and 
FREEDOM [39] trials showed CABG superiority, irrespective of the SYNTAX 
score. A large patient-level meta-analysis, combining the results of SYNTAX and 
BEST trials, concluded that CABG offers improved outcomes when compared to 
DES-PCI in both and nondiabetic and in MVD (2 or 3 vessels involved) with proxi-
mal LAD involvement [49]. CABG has been shown to have a higher stroke rate than 
PCI; however, this risk does not outweigh the improved survival.

In addition to randomized controlled trials which study carefully selected patients 
who typically are a small proportion of patients with coronary artery disease, impor-
tant data can also be obtained from registries that provide information on “real 
world” outcomes. The New  York State cardiac registry compared outcomes 
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Fig. 26.2 Summary of clinical trials comparing coronary artery bypass grafting (CABG) and per-
cutaneous coronary intervention (PCI). (Originally published18 Mar 2015. https://doi.org/10.1161/
CIRCINTERVENTIONS.114.001944Circulation: Cardiovascular Interventions. 2015;8)

following PCI with stenting (n = 22,102) and CABG (n = 37,212) for multi-vessel 
coronary disease and revealed that after adjusting for baseline differences in illness 
severity, 3-year survival for patients undergoing CABG was significantly higher 
compared to PCI. This was consistent across all anatomic and clinical sub-groups of 
patients. For example, diabetic patients with triple vessel disease had a hazard ratio 
of death 0.65 (0.49–0.85) with CABG compared to PCI [50]. Another comparison 
of drug-eluting stents (DES, n = 9971) versus CABG (n = 7437) in the same registry 
revealed that the risk of death as well as myocardial infarction was significantly 
lower in patients undergoing CABG and was applicable in all anatomic subsets of 
patients [51]. Further, a real-world Canadian study examining long-term survival of 
PCI versus CABG in patients with multivessel CAD and diabetes was published in 
2020 [52]. Examining 4301 propensity score matched patient pairs undergoing DES 
PCI or CABG showed that all-cause mortality (HR 1.39; 95% CI 1.28 to 1.51; 
P < 0.001) and overall MACCE (HR 1.99; 95% CI 1.86 to 2.12; P < 0.001) were 
significantly higher with PCI compared with CABG with median and maximum 
follow-ups of 5.5 and 11.5 years, respectively. Finally, a multicenter, retrospective 
analysis performed a “real world” STITCH trial among 7 medical centers examin-
ing 955 CABG and 718 PCI patients with an ejection fraction ≤35% and 2- or 
3-vessel coronary disease [53]. The analysis showed a survival benefit of CABG 
over PCI (hazard ratio, 0.59 [95% confidence interval, 0.50–0.71]; P < 0.01). Stroke 
and acute kidney injury were more common in CABG and repeat revascularization 
more common in PCI. Thus, “real-world” outcomes continue to demonstrate sur-
vival benefits of CABG over PCI, regardless of the type of drug-eluting stent.

There are clinical situations identified in which PCI is likely superior to surgical 
intervention, even in diabetic patients (Table 26.2). Many studies have shown that 
one- or two-vessel disease, focal lesions, and low SYNTAX scores are often best 
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Table 26.2 Management considerations in diabetic patients with coronary artery disease

Favors CABG Favors PCI

Multivessel coronary artery disease Severe co-morbidities
Reduced left ventricular function (EF 
<35%)

Advanced age

Proximal LAD involvement Frailty and Reduced life expectancy
Left main coronary artery 
involvement

Significant mobility issues/poor rehab potential

Complex CAD (SYNTAX≥23) Single or two vessel disease with focal lesion(s)
Severely calcified CAD Low complexity CAD (SYNTAX0-22)
Incomplete revascularization with 
PCI

Culprit lesion PCI in acute coronary syndrome

In-stent re-stenosis (DES in major 
artery)

Incomplete revascularization with CABG (poor distal 
targets or lack of conduit)

Contraindication to duel antiplatelet 
therapy

Severe chest deformation or scoliosis

Need for concomitant cardiac surgery 
procedures

Sequelae of major (mantle) chest radiation (e.g. Porelain 
aorta)

served with PCI [54]. In acute coronary syndrome, with or without cardiogenic 
shock, it is often reasonable to percutaneously treat the culprit lesion, with a plan to 
address remaining lesions after the patient is stabilized and multidisciplinary dis-
cussion held [55, 56]. Additionally, patients with less than three years life expec-
tancy are best served with PCI, as survival curves from trials (e.g., FREEDOM) 
cross at that point and stenting has better outcomes very early [39].

 Surgical Outcomes in Diabetic Patients

While technologic advancements have largely driven improvements in PCI out-
comes, refinement of technical skills and improvements in medical management 
have helped improve CABG outcomes. In a follow-up study of the BARI trial, the 
group of patients who underwent CABG and evaluated coronary artery bypass graft 
patency in patients with and without treated DM were examined. The results of this 
study showed that diabetic patients were more likely to have grafts to small 
(<1.5 mm) distal vessels and coronary arteries of poor distal quality. Angiographic 
evaluation at a mean follow-up of 3.9 years showed that graft patency was equiva-
lent for diabetic and nondiabetic patients for both IMA grafts (89% vs. 85%, respec-
tively; P = 0.23) and vein grafts (71% and 75%, respectively, P = 0.40). The authors 
concluded that despite having smaller distal target vessels of poorer quality, patients 
with treated DM do not have adverse effects on graft patency at an average of nearly 
4 years follow-up and therefore graft patency does not explain differences in sur-
vival that has been observed in diabetic and nondiabetic patients following CABG 
[57]. While the findings of this study are important, a difference in mortality rate 
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between the diabetic and nondiabetic populations may have introduced a bias that 
would affect the patients that were studied by angiography, which is those that sur-
vived for follow-up.

Long-term outcomes for diabetic patients undergoing CABG have long been 
worse when compared to nondiabetics, but recently some studies have shown equiv-
ocal peri-operative and short-term outcomes [11]. Patients with diabetes undergoing 
surgical revascularization are still more likely to have comorbidities such as hyper-
tension, obesity, and chronic kidney disease [58]. Despite these significant risk fac-
tors, short-term outcomes have improved, and survival rates for diabetics begin to 
diverge from nondiabetics at about three years after surgery [12, 59].

 Surgical Considerations in Diabetic Patients

 Operative Considerations

The effect of CABG without cardiopulmonary bypass generally has been favorable 
in terms of morbidity and mortality, though some conflicting data have been reported 
[60–63]. Early studies suggested that diabetics appear to have fewer postoperative 
complications including lower rates of atrial fibrillation, renal failure, and respira-
tory failure with off-pump CABG [64]. Recent studies have shown that long-term 
outcomes are not improved with off-pump CABG in diabetics [65]. In a follow-up 
study of 835 diabetic VA patients that underwent either off-pump (n = 402) or on- 
pump (n = 433) CABG showed that five-year all-cause death rates were 20.2% off 
pump versus 14.1% on pump (P = 0.0198) [66]. There were no differences seen in 
MACE, repeat revascularization, and nonfatal myocardial infarction. For all patients 
undergoing CABG, there has been growing concern about the outcomes of off- 
pump surgery due to worse outcomes. A registry study of experienced off-pump 
surgeons performing 6950 off-pump CABGs and 15,295 on-pump CABGs showed 
that off-pump CABG was associated with higher mortality (33.4% vs. 29.6% at 
10 years [HR 1.11]; 95% CI 1.04 to 1.18; P = 0.002) [67]. There were also increased 
rates of incomplete revascularization, need for repeat revascularization, and long- 
term mortality. However, in the hands of surgeons who perform very high-volumes 
of off-pump CABG, the long-term outcomes can be comparable to on-pump 
[68, 69].

Another technique that likely improves outcome of CABG is the use of multiple 
arterial bypass grafts [70]. In diabetics, the use of arterial grafts has been suggested 
to improve the outcomes of survival [10]. CABG with at least one internal mam-
mary artery (IMA) graft should be a standard practice in diabetic patients. Bilateral 
IMA grafts appear to be safe in patients with diabetes and may have a survival 
advantage [71, 72]. However, use of bilateral IMA has been shown to be a potential 
risk factor for sternal wound infection and mediastinitis, due to devascularization of 
the sternum. A multicenter, retrospective analysis of 1297 diabetic bilateral IMA 
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patients propensity-matched to 1297 single IMA patients showed no difference in 
the rate of mediastinitis, sternal dehiscence, or in-hospital mortality between groups 
[73]. At a median follow-up of 9.3 years, diabetic patients who received a bilateral 
IMA had significantly improved long-term survival when compared with single 
IMA patients (HR 0.75 [95% confidence interval 0.57 to 0.98], P = 0.034). In this 
context, skeletonizing of the IMA (i.e., harvesting of only the artery and leaving the 
venous drainage intact) has been demonstrated to preserve sternal perfusion [74] 
and may reduce sternal wound infections [75] and permit increased arterial revascu-
larization in diabetic patients.

The use of the radial artery as a conduit for bypass has been researched. It has 
been shown to offer very good durability and improve long-term survival [76]. The 
multicenter Radial Artery Patency Study (RAPS) examined patients with multives-
sel CAD undergoing CABG with and without a radial artery graft with planned 
angiographic follow-up [77]. In diabetic patients at a mean follow-up of 7.7 years, 
the proportion of complete graft occlusion was significantly lower in the radial 
grafts (4.8%) than in the saphenous grafts (25.3%) (P = 0.0004). Multivariate analy-
sis demonstrated that the use of the radial artery and high-grade target vessel steno-
sis were protective against late graft occlusion. Ultimately, diabetic patients should 
be considered for total arterial revascularization when possible, as this appears to 
offer improved long-term survival without increasing perioperative mortality [78].

Finally, diabetes has been shown to be a risk factor for wound infection of the 
saphenous vein graft harvest site. The technique of endoscopic vein harvesting has 
been shown to decrease wound infections of the lower extremity after vein harvest 
in high-risk patients such as those with diabetes [21, 79].

 Postoperative Care

The management of patients after cardiac surgery has been closely studied to 
improve outcomes after CABG, especially in diabetic patients and those at higher 
risk for post-operative complications. The Enhanced Recovery After Surgery 
(ERAS) Society published guidelines that have aggregated data on best available 
evidence regarding peri-operative management of cardiac surgery patients [80]. In 
addition to treating hyperglycemia, the recommendations include screening for 
delirium, adjunctive non-narcotic pain management, avoidance of persistent hypo-
thermia, deep vein thrombosis prophylaxis, maintaining chest tube patency, goal 
directed fluid administration, and early identification of acute kidney injury.

Hyperglycemia has been associated with adverse outcomes in patients with car-
diovascular disease. In patients with myocardial infarction, glucose values in excess 
of 110 to 144 mg/dL were associated with a threefold increase in mortality and a 
greater risk of heart failure [81]. There has been considerable interest in glucose 
control after cardiac surgery [82]. High blood glucose can increase rates of infec-
tions and impair collagen synthesis and wound healing among patients with poorly 
controlled diabetes [83]. It is also associated with impaired leukocyte function, 
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Table 26.3 Special considerations in diabetic patients undergoing surgical coronary 
revascularization

Considerations for CABG in Diabetic Patients
Pre-operative
    • Obtain hemaglobin A1c (HgbA1c) for risk stratification
    • Maintain blood glucose levels below 180 mg/dL
Intra-operative
    •  Use skeletonization technique for harvest of internal mammary artery (especially if 

bilateral arteries are taken)
    •  Consider adjunctive rigid sternal fixation for patients at increased risk of sternal 

dehiscence. Risk factors include poor pre-operative glucose control and diabetes in 
addition to: obesity, active tobacco abuse or COPD

Post-operative
    • Maintain blood glucose levels below 180 mg/dL with insulin drip
    • Avoid prolonged hypothermia to decrease the risk of wound infection

including decreased phagocytosis, impaired bacterial killing, and chemotaxis. In 
addition, acute hyperglycemia results in activation and production of inflammatory 
cytokines [84]. In the post-operative patient physiologic stress, pain, the presence of 
infection or administration of vasopressors are factors that have an impact on insulin 
requirement. The specific goals of glucose control are debated (generally between 
100 mg/dL and 180 mg/dL), but the need to avoid prolonged hyperglycemia after 
surgery has been established [85, 86]. A list of special considerations for diabetic 
patients undergoing surgical coronary revascularization is listed in Table 26.3.

 Molecular Mechanisms of Pathogenesis in Diabetes During 
Cardiac Surgery

 Endothelin-1 and Oxidative Stress

A multitude of molecular mechanisms likely contributes to the clinical manifesta-
tions of diabetes in cardiac surgery. Recently, there has been evidence to suggest 
that endothelin-1 and nitric oxide play important roles in the pathophysiology of 
diabetics undergoing cardiac surgery. The response of the myocardium in diabetics 
to cardiac surgery and the associated reperfusion injury is characterized by altera-
tions in neutrophil adhesion, endothelial function, myocyte contractility, and oxida-
tive stress. Endothelin-1 is a potent, endogenous vasoconstrictor that has been 
associated with endothelial dysfunction and vasospasm. In a study of 25 patients 
(13 diabetic and 12 nondiabetic) who underwent cardiopulmonary bypass with 
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cardioplegic arrest, levels of endothelin-1 in the coronary sinus effluent of diabetic 
patients were greater than that from nondiabetics. Furthermore, coronary microves-
sels from the diabetic patients showed increased vasoconstriction to endothelin-1 
and diminished nitric oxide-mediated vasodilation. These responses were blocked 
by endothelin antagonism [87]. These results suggest that endothlelin-1 may con-
tribute to reperfusion injury in diabetic patients as seen in dysfunction of the coro-
nary microcirculation, which is a major determinant of myocardial perfusion. 
Furthermore, there has been evidence to suggest that endothelin receptors mediate 
reperfusion injury of cardiomyocytes under conditions of hyperglycemia [88]. 
These alterations in microvascular response can have implications in the patient’s 
response to vasoactive medications [89, 90].

Oxidative stress has been shown to play a significant role in the response to car-
diopulmonary bypass and reperfusion injury. In a study of patients with diabetes 
(n = 20) and without diabetes (n = 20) who underwent cardiac surgery, the response 
to cardiopulmonary bypass and cardioplegic arrest was measured in terms of oxida-
tive stress. Cardiopulmonary bypass with cardioplegic arrest induced a greater oxi-
dative stress in patients with diabetes compared to nondiabetics as measured by 
plasma lipid hydroperoxides and protein carbonyls. These results suggest that oxi-
dative stress in response to cardiac surgery is increased in diabetic patients [91]. 
Considering that oxidative stress is associated with reperfusion injury, alterations in 
the coronary microcirculation, and myocardial contractile dysfunction, further 
investigation of the role of increased oxidative stress in the pathophysiologic 
responses of diabetics to cardiac surgery may be warranted. Decreased oxidative 
stress in off-pump CABG compared to CABG with cardiopulmonary bypass may 
represent a mechanism by which diabetics benefit from the off-pump technique [92].

 Gene Expression Profiles of Diabetic Patients After Cardiac 
Surgery with Cardiopulmonary Bypass and Cardioplegia

As diabetes is an independent risk factor for postoperative complications and mor-
tality after CABG, we sought to examine and compare myocardial gene expression 
responses to cardiopulmonary bypass and cardioplegic arrest in patients with and 
without diabetes by the use of cDNA array analysis. Ten atrial myocardial samples 
were harvested from five insulin-treated diabetic and five matched nondiabetic 
patients undergoing CABG, before and after cardiopulmonary bypass and cardio-
plegia. Each gene whose expression was uniformly modified by a median ratio of 
fourfold or greater magnitude was the object of a literature search and reported, 
along with its GenBank number, according to the current nomenclature of Online 
Mendelian Inheritance in Man. Of 12,625 genes examined, 851 were upregulated in 

26 Cardiac Surgery and Diabetes Mellitus



738

the diabetic group and 480 in the control group (p < 0.001). Less genes were down-
regulated in diabetic (443) compared to nondiabetic (626) patients (p  <  0.001) 
(Fig. 26.3). There were a total of 39 genes showing greater than fourfold upregula-
tion in the diabetic group, and 35 genes in the nondiabetic group. Of these, 17 were 
upregulated in both groups, while 22 and 18 were upregulated exclusively in the 
diabetic and nondiabetic patients, respectively, a highly significant different expres-
sion profile (Table 26.4). We concluded that the gene expression profile after cardio-
pulmonary bypass and cardioplegic arrest is quantitatively and qualitatively different 
in patients with diabetes [93]. These results have important implications for the 
design of tailored myocardial protection and operative strategies for diabetic patients 
undergoing cardiac surgery.
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Table 26.4 Select genes exhibiting an increase in expression in myocardial samples from diabetic 
patients after cardiopulmonary bypass and cardioplegic arrest

Gene name Symbol
Fold 
increase Function

Amphiregulin AREG 16:1 Autocrine growth factor
Interleukin (IL)-1β IL-1B 9:1 Inflammatory cytokine
Nuclear receptor subfamily 4, 
group A, member 3

NR4A3 8:1 Transcription factor

Regulator of G protein signaling 1 RGS1 8:1 Immediate-early response gene
Activating transcription factor 3 ATF3 8:1 Transcription factor
Insulin receptor substrate 1 IRS1 7:1 Substrate of the insulin receptor 

tyrosine kinase
V-maf musculoaponeurotic 
fibrosarcoma oncogene

MAFF 7:1 Transcription regulator

Ras homolog gene family, Member 
B (Rho B)

ARHB 6:1 Growth factor-responsive early gene
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Gene name Symbol
Fold 
increase Function

Complement component 1, q 
Subcom, R1

C1QR1 6:1 Regulation of phagocytic activity

Nuclear antigen SP100 SP100 6:1 Role in autoimmunity, infections, 
tumorigenesis

Chemokine (CC motif) ligand4 CCL4 6:1 Chemotactic factor for monocytes
Interleukin 8 IL8 5:1 Mediates neutrophils chemotaxis and 

migration
Interleukin 1 receptor IL1RN 5:1 Inhibits Interleukin 1-alpha and -beta 

antagonist
Oncogene MYC MYC 5:1 Transcription factor
Vascular Endothelial Growth 
Factor

VEGF 5:1 Growth factor, mitogen primarily for 
vascular endothelial cells

Chemokine (C-X-C motif), 
ligand 3

CXCL3 5:1 Chemotactic factor for monocytes

Table 26.4 (continued)

 Conclusions

Diabetes mellitus is a well-established risk factor for increased morbidity and mor-
tality associated with cardiac surgery. Patients with diabetes have been shown to 
have worse outcomes than nondiabetics from both surgical and percutaneous 
catheter- based techniques of revascularization. Clinical trials have demonstrated 
increased event-free survival for diabetic patients treated surgically, likely in part 
due to the completeness of revascularization considering that freedom from repeat 
revascularization procedures has been the most consistent benefit shown from 
CABG when compared to current PCI including stenting. Furthermore, data from 
large registries have demonstrated that “real-world” outcomes for CABG are sig-
nificantly superior to PCI with respect to survival and repeat revascularization. The 
best method of selection of revascularization should be based on a number of factors 
including the severity and extent of coronary disease, the potential for complete 
revascularization, the presence of co-morbid illnesses, and patient. Currently, surgi-
cal revascularization is recommended in diabetic patients with multivessel CAD, 
particularly for those patients with extensive coronary disease and myocardial dys-
function. However, these recommendations will continue to evolve with improving 
technologies and therapies. Surgical treatment options that potentially decrease 
morbidity associated with diabetes include multi-arterial grafting, IMA skeletoniza-
tion, endoscopic saphenous vein harvest, and aggressive management of hypergly-
cemia with continuous insulin infusions. Research techniques with improved animal 
models of diabetes as well as application of genomic techniques in patients will 
continue to provide novel insights into the molecular mechanisms involved and 
identify new therapeutic targets in order to improve the outcome of diabetic patients 
after cardiac surgery.
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Chapter 27
Heart Failure and Cardiac Dysfunction 
in Diabetes

Maxwell Eyram Afari and Michael M. Givertz

 Introduction

The prevalence of heart failure (HF) in American adults is estimated to be 6.2 mil-
lion, with more than 600,000 new case diagnosed each year [1]. Globally, an esti-
mated 450  million people have diabetes mellitus (DM) and the prevalence is 
projected to increase to nearly 700  million in 2045 [2]. HF and DM can occur 
independently or together, and a diagnosis of one can increase the risk of developing 
the other. Management requires concerted multidisciplinary interventions with a 
focus on guideline-directed medical therapy to improve clinical outcomes. This 
chapter reviews the epidemiology of DM and HF, the pathophysiology of these 
diseases, and the importance of their interdisciplinary management.
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 Epidemiology of Diabetes and Heart Failure

 Diabetes in Heart Failure

In clinical trials of ambulatory HF patients, the prevalence of DM has ranged from 
15% to 54% (Fig. 27.1), with increasing prevalence over time [3]. Using data from 
the Get With the Guidelines Heart Failure registry, the temporal trend of hospitaliza-
tions between 2005 and 2015 shows a progressive increase of HF patients with 
diabetes. The overall prevalence of hospitalized patients with diabetes was approxi-
mately 44% [4]. In the recently completed VICTORIA (Vericiguat Global Study in 
Subjects with Heart Failure with Reduced Ejection Fraction) study, 47% of patients 
with worsening chronic HF had DM at enrollment [5]. The incidence of new onset 
DM in patients with HF has also been explored in both population-based studies and 
randomized clinical trials. In the CHARM (Candesartan in Heart Failure: Assessment 
of Reduction in Mortality and Morbidity) and EMPHASIS-HF (Eplerenone in Mild 
Patients Hospitalization and Survival Study in Heart Failure) trials, the incidence of 
DM was unusually high (28 per 1000 person-years and 21 per 1000 person-years, 
respectively) compared to the general population (10 per 1000 person-years for 
adults ≥45) [6, 7]. In CHARM, hemoglobin A1c and body mass index were strong 
predictors of the development of diabetes [6]. Insulin- requiring DM is associated 
with a twofold increase in death or the composite outcome of cardiovascular death 
or hospitalization for HF [8]. Independent predictors of new-onset diabetes in the 
EMPHASIS-HF trial included longer duration of HF, higher waist circumference, 
and higher systolic blood pressure [7]. The mechanism of DM in patients with HF 
may be related to metabolic derangements and insulin resistance caused by HF 
[9, 10].
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Fig. 27.1 Prevalence of diabetes in heart failure. Over the last 40 years, the prevalence of diabetes 
in clinical HF trials has ranged from 15% in the SOLVD (Studies of Left Ventricular Dysfunction) 
trial to 54% in PAL-HF (Palliative Care in Heart Failure) trial, reflecting both increasing severity 
of illness and demographic trends over time
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 Heart Failure in Diabetes

Patients with DM are more likely to develop HF compared to non-diabetics [11]. A 
systematic review and meta-analysis demonstrated a pooled prevalence of left ven-
tricular diastolic dysfunction of 48% in hospitalized patients with diabetes [12]. In 
a Swedish registry of 35,163 participants, ischemic heart disease was more common 
(62%) in those with co-existent DM than those without DM (47%) [13]. In the 
Framingham Heart Study, DM was shown to increase incident risk of HF by two-
fold in men and by fivefold in women after adjustment for cardiovascular risk fac-
tors [14]. The higher incidence of HF noted in patients with DM could be due to the 
presence of comorbid risk factors such as hypertension, coronary artery disease, 
obesity, dyslipidemia, and the metabolic syndrome. For each 1% increase in hemo-
globin A1c, the risk of HF increases by 30% in type 1 DM and 8% in type 2 DM 
independent of other risk factors [15]. DM is associated with the progression of HF 
in patients with asymptomatic left ventricular (LV) dysfunction [16]. Six percent of 
patients with newly diagnosed DM will develop HF within 5 years [17].

 Prognosis of Patients with Heart Failure and Diabetes

Concomitant DM and HF are associated with poor clinical outcomes. Compared to 
patients without diabetes, the 1-year mortality rate in HF patients with DM is signifi-
cantly higher (31% vs. 23%) [18]. Diabetes increases the risk of the composite outcome 
of cardiovascular mortality and HF hospitalization in patients admitted with acute HF 
[19]. This risk is irrespective of the type of HF (i.e., HF with reduced ejection fraction 
[HFrEF] vs. HF with preserved ejection fraction [HFpEF]) [20]. The risks of all-cause 
mortality in both HFpEF and HFrEF are similar [8], but the risk of cardiovascular death 
or HF hospitalization is higher with HFpEF. Compared to having a diagnosis of HF 
alone, having HF and DM is associated with a poorer quality of life and higher health 
care costs [21]. Even in patients without diabetes, the incidence of HF hospitalization 
increases with elevation in hemoglobin A1c [22]. In patients at high cardiovascular risk, 
a 1-mmol/L higher fasting plasma glucose increased HF hospitalization by 1.23-fold [23].

Diabetes and HF place significant burden on the health care system. In the Unites 
States, Medicare costs per person for patients with DM and HF is 18% higher than 
for those with HF alone, and 54% higher than for those with DM alone (DM + HF: 
$26,544; HF: $21,808; and DM: $12,229) [24]. The global economic burden of DM 
will increase to $2.5 trillion by 2030 [25], while the total cost of HF in the United 
States will increase to $69.8 billion by 2030 [26].

 Causes of Heart Failure

In developed countries, coronary artery disease is responsible for approximately 
two-thirds of the cases of HF, with hypertension as a principal contributor in up to 
75% and DM in approximately one-quarter. Diabetic cardiomyopathy is defined as 

27 Heart Failure and Cardiac Dysfunction in Diabetes



750

Table 27.1 Proposed mechanisms underlying diabetic cardiomyopathy

Resistance or lack of insulin shifts metabolism from glucose to fatty acid. The increase in 
myocardial oxygen utilization changes calcium homeostasis, which leads to cardiac 
dysfunction [29].
Depletion of myocardial catecholamine stores through autonomic dysregulation blunts 
contractile reserve, which causes systolic and diastolic dysfunction [30].
Insulin resistance stimulates glycation of proteins, lipids, and nucleic acids. Advanced glycation 
end-products increase free radicals, which inactivate nitric oxide leading to impaired 
endothelium-dependent relaxation and microvascular dysfunction [31, 32].
Inactive nitric oxide decreases intracellular Ca2+ sensitization and impairs sarcoplasmic Ca2+ 
uptake [33].
Activation of RAAS by hyperglycemia increases angiotensin II and aldosterone levels, inducing 
fibrosis and left ventricular hypertrophy, which are precursors to HFpEF (previously referred to 
as diastolic HF) [34].

HF heart failure, HFpEF heart failure with reduced ejection fraction; RAAS, renin–angiotensin–
aldosterone system

the presence of systolic or diastolic dysfunction in a patient with DM without other 
obvious causes for cardiomyopathy [27, 28]. Risk factors for diabetic cardiomyopa-
thy include impaired insulin signaling within the myocardium, hyperglycemia, obe-
sity, inappropriate activation of renin–angiotensin–aldosterone system (RAAS), 
and systemic insulin resistance. The mechanisms leading to cardiac dysfunction are 
outlined in Table 27.1.

 Clinical Presentation of Diabetic Cardiomyopathy

The clinical presentation of diabetic cardiomyopathy falls within a spectrum of dis-
ease from asymptomatic left ventricular dysfunction [33] to symptomatic heart fail-
ure. Impairment of global longitudinal strain [35] and diastolic dysfunction [36] 
may be precursors to HF symptoms. Left ventricular hypertrophy and/or decreased 
LV compliance are more prevalent in diabetic patients than non-diabetics [37], and 
these structural and functional changes can evolve to LV dilatation and systolic 
dysfunction [33]. Diabetes results in diffuse coronary artery disease, which causes 
patchy necrosis and fibrosis, and can in turn lead to systolic dysfunction through 
myocardial hibernation or stunning. Symptoms of HF such as shortness of breath, 
orthopnea, paroxysmal nocturnal dyspnea, lower extremity edema, abdominal 
bloating, and weight gain can occur in both HFpEF or HFrEF. Patients should be 
screened for other cardiac symptoms such as chest pain, palpitations, dizziness, 
syncope, or claudication.

Recently, the Heart Failure Society of America along with other international 
societies proposed a universal definition and classification system that recognizes 
HF as a clinical syndrome [38]. Patients with DM are categorized as “At-risk for HF 
(Stage A),” with no structural cardiac abnormality or elevated cardiac biomarkers 
but with risk factors such as atherosclerotic disease, obesity or hypertension. Pre-HF 
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Table 27.2 Heart failure type based on left ventricular ejection fraction

Type of heart failure Definition based on ejection fraction

HF with reduced ejection fraction 
(HFrEF)

LVEF < 40%

HF with mildly reduced ejection 
fraction (HFmrEF)

LVEF 41% to 49%

HF with preserved ejection 
fraction (HFpEF)

LVEF > 50%

HF with improved ejection 
fraction (HFimpEF)

Baseline LVEF < 40%, increase of least 10 points from 
baseline, and second measured LVEF > 40%

HF heart failure, LVEF left ventricular ejection fraction

(Stage B) patients have evidence of structural heart disease, abnormal cardiac func-
tion, or elevated natriuretic peptide levels but no symptoms or signs. Stage C patients 
have symptoms or signs of HF caused by a structural and/or functional cardiac 
abnormality, while Stage D defines those with severe symptoms and/or signs of HF 
at rest and recurrent hospitalizations, requiring consideration for transplant, 
mechanical circulatory support, or palliative care. This universal definition has also 
brought clarity to the classification of HF based on left ventricular ejection fraction 
(LVEF) (Table 27.2).

 Cellular and Molecular Mechanisms

The pathophysiology of diabetic cardiomyopathy is complex with a variety of cel-
lular and molecular mechanisms supported by pre-clinical and translational studies 
(Fig. 27.2). A summary of these mechanisms is as follows [39]:

• Cardiac structural abnormality: Advanced glycation end-products lead to the 
generation of reactive oxygen and nitrogen species by endothelial cells. The 
resultant decrease in nitric oxide diminishes soluble guanylate cyclase activity 
and cyclic GMP levels. Coronary endothelial microvascular inflammation and 
infiltration of inflammatory cells stimulate transforming growth factor-beta 
(TGF-β), tumor necrosis factor-alpha (TNF-α), angiotensin II, and interleukins 
which activate pro-fibrotic responses [40]. The end result is the impairment of 
extracellular matrix degradation through the upregulation of tissue inhibitors of 
metalloproteinases. The inhibition of metalloproteinases results in fibrosis and 
the development of myocardial stiffness, the hallmark of diastolic dysfunc-
tion [41].

• Cardiac inflammation: Hyperglycemia, hyperlipidemia, and elevated angiotensin 
II levels activate infiltration of pro-inflammatory macrophages and lymphocytes. 
These cells secrete cytokines such as TNF-α, interleukin-1β, interferon-γ, and 
TGF-β, which can directly act on cardiac fibroblasts and myofibroblasts to 
induce cardiac injury [42]. Glucotoxicity and lipotoxicity can activate the 
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Fig. 27.2 Cellular and molecular mechanisms of diabetic cardiomyopathy. Glycemic changes 
(impaired glucose handling, insulin resistance) contribute to a variety of systemic effects as well 
as effects on the cardiomyocyte including disturbances of glucose and fatty acid utilization, mito-
chondrial function, and excitation contraction (EC) coupling. Other systemic effects (autonomic 
dysfunction, oxidative stress) lead to coronary artery disease (CAD) and abnormal myocardial 
structure and function. Consequent disturbances of myocardial performance at rest and with exer-
cise result in the systemic consequence of diabetic heart failure. (Reprinted from Marwick TH 
et  al., Implications of underlying mechanisms for the recognition and management of diabetic 
cardiomyopathy. J Am Coll Cardiol 2018;71:339–351. Copyright 2021, with permission from 
Elsevier)

12-lipoxygenase (LOX) and 15-LOX enzymes, which can mediate cardiomyo-
cyte death, hypertrophy, and loss of contractility through oxidative stress and 
mitochondrial dysfunction [43].

• Cardiac oxidative stress: Lipotoxicity and glucotoxicity generate excess reactive 
oxygen and nitrogen species through the activation of cellular and mitochondrial 
NADPH oxidase. These species in turn increase oxidative stress in diabetic car-
diomyopathy through myocardial inflammation [44, 45].

• Metabolic disturbances: In diabetes, free fatty acid uptake increases via CD36 
translocation due to impaired signaling from hyperglycemia. In a normal heart, 
free fatty acid increases mitochondrial oxidative metabolism to generate ATP via 
the tricarboxylic acid cycle and β-oxidation. In a diabetic heart, lipid and free 
fatty acid accumulation exceeds the capacity to generate ATP, leading to cardio-
myocyte death and impaired cardiac function [39].

 Evaluation of Heart Failure in Patients with Diabetes

Evaluation of HF begins with obtaining a comprehensive medical history including 
the review of past and current problems. Questions regarding daily activities, diet, 
and sleep should elicit symptoms discussed under “Clinical Presentation of Diabetic 
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Cardiomyopathy.” Social history should focus on risk factors for heart disease 
(smoking, alcohol, recreational drugs), while multigenerational family history 
should establish a genetic disposition for cardiomyopathy. A focused physical 
examination should complement the history with a search for clues to hemody-
namic status. Findings such as narrow pulse pressure (low cardiac output), Cheyne–
stokes respirations (advanced heart disease), and tachycardia (acute heart failure, 
shock, or arrhythmia) can be important clues in patient assessment. A key goal of 
the physical examination is to identify the presence of congestion and adequacy of 
organ perfusion. Volume status can be assessed through the jugular venous pressure, 
rales on lung examination, lower extremity edema, and ascites. Organ perfusion is 
manifested through the pulse pressure, mental status, skin warmth/coolness, and 
urine output among others. Categorization of clinical profile based on congestion 
and perfusion carries prognostic value [46].

Initial testing should include chest radiography, electrocardiography, hematol-
ogy, and blood chemistry to identify the cause of HF. Biomarkers such as B-type 
natriuretic peptide (BNP) and N-terminal pro-B-type natriuretic peptide 
(NT-proBNP) provide diagnostic and prognostic information [47]. Non-invasive 
imaging modalities such as echocardiography, cardiac magnetic resonance imaging, 
cardiac computed tomography, and nuclear imaging are complementary. Exercise 
testing can be used to assess submaximal or peak functional capacity and look for 
evidence of ischemia. Invasive procedures such as right heart catheterization and 
coronary angiography are used to assess resting or exercise hemodynamics and rule 
coronary artery disease, respectively.

 Treatment of Heart Failure in Diabetes

Patient-centered care is imperative for the effective management of patients with 
both DM and HF (Fig. 27.3) in order to alleviate symptoms, reduce morbidity and 
mortality, and improve quality of life. Achieving these goals requires an interdisci-
plinary approach involving multi-specialty health care providers, along with a social 
worker, dietitian, and pharmacist. Effective care teams should include physicians, 
advanced care providers, and nurses across specialties such as primary care, endo-
crine, renal medicine, cardiology/HF, palliative medicine, and mental health. 
Targeted referrals to specialists in weight loss management (e.g., bariatric surgery), 
sleep medicine, and neurology may also be indicated for select patients. In addition, 
the importance of diabetes-specific care (e.g., podiatry, ophthalmology, vascular 
medicine) cannot be overemphasized.
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Fig. 27.3 Patient-centered interdisciplinary care. For patients with diabetes and heart failure, a 
multidisciplinary team (primary care, cardiology, endocrinology, nephrology, palliative care, and 
mental health) and inter-professional approach (physicians, nurses, allied health professionals) are 
central to optimizing care

 Management of Diabetes in Patients with Heart Failure

 Intensity of Blood Glucose Levels

Tight blood glucose control is associated with a 15% reduction in non-fatal myocardial 
infarction (MI) but does not reduce the risk of all-cause mortality, cardiovascular mor-
tality, or stroke [48]. In the ACCORD (Action to Control Cardiovascular Risk in 
Diabetes) trial [49], intensive blood glucose control (HbA1c 6.4–7.0%) did not signifi-
cantly reduce major cardiovascular events but increased mortality when compared to 
standard glycemic control (HbA1c 7.3–8.4%). Plausible explanations for the increased 
mortality in ACCORD include hypoglycemia episodes from strict glucose reduction, 
weight gain, and drug interactions from using multiple agents to intensify glucose 
management [50]. The ADVANCE (Action in Diabetes and Vascular Disease: Preterax 
and Diamicron MR Controlled Evaluation) trial and VADT (Veterans Affairs Diabetes 
Trial) did not show significant improvement in cardiovascular outcomes with intensive 
glycemic control [51, 52]. Nevertheless, stringent glucose control reduces the risk and/
or progression of retinopathy, nephropathy, and neuropathy [53, 54]. In patients with 
type 2 diabetes and either a prior cardiovascular event or increased cardiovascular risk, 
mortality rates associated with glycemic control follow a U-shaped curve with worsen-
ing death associated with HbA1C < 7 and >8% (Fig. 27.4) [55]. A similar relationship 
between HbA1c and risk of death has been demonstrated in patients with HF (Fig. 27.4).

The American Diabetes Association (ADA) “Standards of Medical Care in 
Diabetes” in 2020 recommend an A1c goal <7% for non-pregnant adults [56]. A 
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Fig. 27.4 Risk of all-cause mortality with diabetes treatment strategy. Hazard ratios for death by 
categories of glycosylated hemoglobin (HbA1c) in 1447 patients with type 2 diabetes who subse-
quently developed HF. (Reprinted from Elder DH et al., Mean HbA1c and mortality in diabetic 
individuals with heart failure: a population cohort study. Eur J Heart Fail 2016;18:84–102. 
Copyright 2021, with permission from European Society of Cardiology)

Table 27.3 Recommendations for glycemic control in patients with heart failure

Source Recommendation Reference

American Heart 
Association/Heart 
Failure Society of 
America

Optimal targets should be individualized to 
reflect comorbidity burden, severity of HF, and 
risks vs. benefits of lowering HbA1c

Dunlay et al., 
Circulation 
2019;140:e294–e324

European Society of 
Cardiology

Glycemic control should be implemented 
gradually and moderately giving preference to 
those drugs that have been shown to be safe 
and effective

Ponikowski et al., Eur 
Heart J 
2016;37:2129–2200

Canadian 
Cardiovascular 
Society

With the available evidence, an intensive 
glycemic control strategy cannot be 
recommended for all patients with diabetes. 
Instead, each individual should be assessed for 
his or her optimal glycemic target for the 
prevention of macrovascular events or HF

Ezekowitz et al., Can J 
Cardiol 
2017;33:1342–1433

HbA1c hemoglobin A1c, HF heart failure

less stringent HbA1c goal (<8%) is recommended for those with limited life expec-
tancy, advanced microvascular or macrovascular complications, extensive comorbid 
conditions, or long-standing diabetes. Most patients with HF fit in this latter cate-
gory. A scientific statement from the American Heart Association and Heart Failure 
Society of America recommended a goal hemoglobin A1c of 7–8% for patients with 
HF [57]. Other general recommendations have recently been published by major 
cardiovascular societies (Table 27.3).

27 Heart Failure and Cardiac Dysfunction in Diabetes



756

 Pharmacologic Management of Diabetes in Patients 
with Heart Failure

 Older Oral Agents

Biguanides such as metformin decrease gluconeogenesis and increase insulin sensi-
tivity by increasing peripheral glucose uptake and utilization. Initial concerns 
regarding metformin use in patients with HF were related to risk of lactic acidosis, 
but this theory has subsequently been disproved [58]. The US Food and Drug 
Administration (FDA) removed the contraindication for use of metformin in HF in 
2006. Metformin is considered the first-line therapy for patients with DM, although 
emerging guidelines appear to favor sodium–glucose co-transporter 2 (SGLT2) 
inhibitors.

Dipeptidyl peptidase-4 (DDP-4) is an enzyme involved in the rapid degradation 
of glucagon-like peptide 1 (GLP-1). DPP-4 inhibitors (alogliptin, linagliptin, saxa-
gliptin, and sitagliptin) improve glycemic control by enhancing the effects of the 
incretin system. In large safety studies, these agents have demonstrated no cardio-
vascular benefit [59–61], while saxagliptin was shown to increase the risk of HF 
hospitalization by 27% in the SAVOR TIMI 53 (Saxagliptin Assessment of Vascular 
Outcomes Recorded in Patients with Diabetes Mellitus–Thrombolysis in Myocardial 
Infarction 53) study [62]. This increase in risk was highest among patients with 
elevated levels of natriuretic peptides, previous HF, or chronic kidney disease. In 
2016, an FDA safety panel added a new warning to the drug label regarding this 
safety issue.

Thiazolidinediones (TZDs) redirect free fatty acids into pre-adipocytes, in the 
process reducing intracellular triglyceride accumulation in cardiomyocytes. 
Pioglitazone and rosiglitazone are contraindicated in patients with New York Heart 
Association (NYHA) functional class III–IV heart failure due to the risk of precipi-
tating fluid retention [63]. Given the availability of safer, alternative agents, these 
drugs are not recommended in any patient with HF and may increase the risk of HF 
events in individuals with DM without HF.

Sulfonylureas (glimepiride, glyburide and glipizide) act on ATP-sensitive potas-
sium channels in the beta-cell plasma membrane, releasing insulin in the process. 
Sulfonylureas are not effective in the treatment of patients with insulin deficiency 
such as type 1 DM. Despite common use of these agents in patients with HF and 
type 2 DM, there are no randomized trials examining effects on clinical outcomes. 
However, several observational studies suggest that sulfonylureas may increase the 
risk of HF events compared to metformin or newer agents [64, 65].

Meglitinides (nateglinide, mitiglinide, and repaglinide) have a similar mecha-
nism of action to sulfonylureas, but have a weaker binding affinity which leads to 
increased intracellular potassium. The latter causes depolarization, stimulating the 
opening of voltage-gated calcium channels which stimulates pro-insulin release. 
Meglitinides can be used in patients allergic to metformin or sulfonylureas. 
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Nateglinide and repaglinide failed to demonstrate cardiovascular benefits in the pre-
vious studies of diabetes, with no evidence of increased risk in patients with HF 
[66, 67].

 Insulin

Insulin is recommended for patients whose diabetes is not appropriately controlled 
on conventional therapies. Patients with type 1 DM require multiple daily injections 
of prandial (50% daily requirement) and basal insulin, while patients with type 2 
DM may progressively need basal insulin on top of oral hypoglycemic agents. 
Insulin can cause hypoglycemia which could trigger the neurohormonal axis, lead-
ing to HF exacerbation. In the ORIGIN (Outcome Reduction with Initial Glargine 
Intervention) trial, the rate of non-fatal myocardial infarction, non-fatal stroke, 
death from cardiovascular causes, revascularization, or hospitalization for heart fail-
ure was similar between insulin and standard of care [68]. Trial of different basal 
insulins (Degludec versus Glargine) did not affect major cardiovascular events in 
patients with type 2 DM at high risk for cardiovascular events [69]. A retrospective 
study suggested that the addition of insulin to metformin increased the risk of a 
composite of non-fatal cardiovascular outcomes and all-cause mortality [70], which 
potentially reveals the selection bias of a sicker population receiving insulin.

 Cardiac-specific Diabetes Medications

In contrast to the agents described above, SGLT2 inhibitors and GLP-1 receptor 
agonists have demonstrated the ability to reduce cardiovascular risk [71].

 Glucagon-like Peptide-1 Receptor Agonists

GLP-1R agonists (liraglutide, semaglutide, lixisenatide, and exenatide) increase 
glucose-dependent insulin secretion, decrease glucagon secretion, and cause early 
satiety by delaying gastric emptying. The LEADER (Liraglutide Effect and Action 
in Diabetes: Evaluation of Cardiovascular Outcome Results) trial randomized 9340 
patients with type 2 diabetes at high risk for cardiovascular disease or with cardio-
vascular disease (80% of study population) to liraglutide or placebo. Over a median 
follow-up of 3.8 years, liraglutide reduced the risk of cardiovascular death, non- 
fatal MI or non-fatal stroke (13% versus 14.9% [HR 0.87; 95% CI, 0.78–0.97; 
p < 0.001 for non-inferiority; p < 0.01 for superiority]). All-cause mortality was also 
lower in the liraglutide group (8.2% versus 9.6% [HR 0.85; 95% CI, 0.74–0.97; 
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p = 0.02]) [72]. Based on these data, liraglutide was approved by the FDA to reduce 
the risk of major adverse cardiovascular events in adults with type 2 diabetes and 
established cardiovascular disease. Neither HF-specific harms nor benefits have 
been established for GLP-1R agonists, although the FIGHT (Functional Impact of 
GLP-1 for Heart Failure Treatment) study showed a trend toward higher risk of 
HF-related events with liraglutide in patients with diabetes and HFrEF who were 
recently hospitalized [73]. Semaglutide was recently approved by the FDA an 
adjunct to a reduced calorie diet and increased physical activity for chronic weight 
management in adult patients with obesity (BMI 30 kg/m2 or greater) or overweight 
(BMI 27 kg/m2 or greater) with at least one comorbidity such as DM.

 Sodium–Glucose Co-transporter 2 Inhibitors

SGLT2 inhibitors have recently emerged as first-line therapy for treating patients 
with HF and reduced ejection fraction, with or without diabetes, due to their benefits 
on morbidity and mortality (Table 27.4). SGLT2 inhibitors inhibit proximal sodium 
and glucose reabsorption, promoting glucosuria, thereby increasing both diuresis 
and natriuresis [80]. Additional beneficial effects on neurohormonal activation, 
myocardial structure and function, and renal function have also been demonstrated 
(Fig. 27.5).

In the EMPA-REG OUTCOME (Empagliflozin Cardiovascular Outcome Event 
Trial in T2DM Patients—Removing Excess Glucose) trial, a randomized double- 
blind placebo-control study, empagliflozin reduced HF hospitalization by 35% and 
cardiovascular death by 38% in 7020 patients with type 2 diabetes and existing 
cardiovascular disease [74, 81]. Similarly, in the CANVAS (Canagliflozin 
Cardiovascular Assessment Study) and CANVAS-R studies [82], canagliflozin 
demonstrated a 33% reduction in the risk of HF hospitalization compared to pla-
cebo. A total of 10,142 patients with type 2 diabetes and high cardiovascular risk 
were randomized to canagliflozin or placebo for an average of 3.6 years. Canagliflozin 
significantly reduced the composite outcome of cardiovascular death, non-fatal MI, 
or non-fatal stroke by 14% compared to placebo (HR 0.86; 95% CI, 0.75–0.97; 
p < 0.001 for non-inferiority; p = 0.02 for superiority).

The DECLARE–TIMI 58 (Dapagliflozin Effect on Cardiovascular Events–
Thrombolysis in Myocardial Infarction 58) study was a randomized, double-blind, 
placebo-controlled phase 3b trial of dapagliflozin 10 mg once daily [83]. In 17,160 
patients with type 2 diabetes who had or were at risk for cardiovascular disease, 
dapagliflozin reduced the risk of HF hospitalization by 27% (HR 0.73; 95% CI, 
0.61–0.88) over a median of 4.2 years. The DAPA-HF (Dapagliflozin and Prevention 
of Adverse-Outcomes in Heart Failure) trial investigated the effect of dapagliflozin 
in 4744 patients with HF, LVEF ≤40%, and NYHA functional class II–IV symp-
toms. Compared to placebo, dapagliflozin was associated with a 25% (diabetics) 
and 26% (non-diabetics) reduction in the primary composite outcome of cardiovas-
cular death, HF hospitalization, or urgent HF visit [76]. Similar impressive results 
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Fig. 27.5 Mechanisms of benefit of SGLT2 inhibitors in heart failure. SGLT2 inhibitors exert 
direct and indirect effects on the myocardium. They directly reduce cardiac NLRP3, which medi-
ates inflammation, autophagy, and lysosomal degradation among others. SGLT2 inhibitors regu-
late intra-glomerular pressure which attenuates sympathetic nervous system activity, and also 
reduces reactive oxygen species (source: Lopaschuk GD and Verma S, Mechanisms of 
Cardiovascular Benefits of Sodium Glucose Co-Transporter 2 (SGLT2) Inhibitors, A State-of-the-
Art Review, JACC Basic Transl Sci. 2020 Jun; 5(6): 632–644. This is an open access article under 
the CC BY-NC-ND license). CAMKII calmodulin-dependent protein kinase II, EPO erythropoie-
tin, NHE sodium/hydrogen exchanger, NLRP3 nucleotide-binding oligomerization domain, leu-
cine-rich repeat, and pyrin domain-containing 3, SGLT2i sodium–glucose co-transporter 2 
inhibitor, SNS sympathetic nervous system
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(decreased HF hospitalization and overall mortality) were observed with empa-
gliflozin in the EMPEROR-Reduced (The Empagliflozin Outcome Trial in Patients 
with Chronic Heart Failure and Reduced Ejection Fraction) trials [75]. In patients 
with HF with or without DM and previously implanted pulmonary artery pressure 
sensors, empagliflozin reduced pulmonary artery diastolic pressure at 8–12 weeks 
(1.5 mmHg lower) and 12 weeks (1.7 mmHg lower) compared to placebo indepen-
dent of diuretics [84]. Similar decreases were observed in systolic and mean pulmo-
nary artery pressures.

 SGLT2 Inhibitors in Heart Failure with Preserved 
Ejection Fraction

SGLT2 inhibitors have shown similar benefits in HFpEF irrespective of diabetes 
status. In a double-blind trial of 5988 patients with NYHA III–IV, empagliflozin 
reduced the combined risk of cardiovascular death or hospitalization for heart fail-
ure (Empagliflozin; 13.8% versus Placebo; 17.1%, hazard ratio, 0.79; 95% confi-
dence interval [CI], 0.69–0.90; p < 0.001). The lower event rate in the Empagliflozin 
group was driven by lower HF hospitalization [78]. In the PRESERVED-HF Trial, 
compared to placebo, 12-week treatment with dapagliflozin significantly improved 
patient-reported symptoms (Kansas City Cardiomyopathy Questionnaire Clinical 
Summary Score), physical limitations and exercise function (6-min walk test) [85]. 
Recent results from the DELIVER Phase III trial [77] demonstrate that dapagliflozin 
reduces the combined risk of worsening HF or cardiovascular death in patients with 
HF and mildly reduced or preserved ejection fraction (Dapagliflozin 16.4% versus 
Placebo 19.5%, hazard ratio 0.82; 95% CI 0.73–0.92; p < 0.001). Approximately 
45% of patients enrolled in DELIVER had DM and there was no difference in the 
benefits of dapagliflozin in patients with or without DM.

 SGLT2 Inhibitors in Chronic Kidney Disease

The effect of SGLT2 inhibition on renal function has also been studied in patients 
with diabetes. The Canagliflozin Cardiovascular Assessment Study (CANVAS) 
showed a benefit of canagliflozin with respect to the composite outcome of a sus-
tained 40% reduction in the estimated glomerular filtration rate (GFR), the need for 
renal-replacement therapy, or death from renal causes (hazard ratio, 0.60; 95% CI, 
0.47–0.77) [82]. In the CREDENCE (Canagliflozin and Renal Events in Diabetes 
with Established Nephropathy Clinical Evaluation) trial, canagliflozin resulted in a 
30% reduction in the composite of end-stage kidney disease, doubling of the serum 
creatinine level, or death from renal or cardiovascular causes [86]. In other studies, 
empagliflozin was associated with 44% and 55% relative risk reductions in the 
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doubling of creatinine and renal replacement therapy, respectively [87]. Similarly, 
dapagliflozin reduced the risk of sustained decline in the estimated GFR of at least 
50%, end-stage kidney disease, or death from renal or cardiovascular causes in 
patients with chronic kidney disease [88].

Based on the totality of evidence from these trials, SGLT2 inhibitors are being 
recommended posed as part of the standard therapy for HFrEF and HFpEF with or 
without DM [89–92].
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Fig. 27.6 Heart failure guideline-directed medical therapy. All patients with HF, regardless of 
severity of illness or ejection fraction, benefit from HF education, lifestyle modification and man-
agement of comorbidities such as obesity, sleep apnea, and iron deficiency. For patients with signs 
or symptoms of volume overload, diuretics are indicated to reduce systemic and/or pulmonary 
venous congestion. For patients with HFrEF, first-line medical therapy includes a combination of 
renin–angiotensin system antagonist (preferably an angiotensin–neprilysin inhibitor [ARNI]), 
beta-blocker, mineralocorticoid receptor antagonist (MRA), and SGLT2 inhibitor. For patients 
who remain symptomatic or are intolerant of one or more of these agents, adjuvant therapy with 
ivabradine, hydralazine and nitrates, vericiguat and digoxin should be considered. Additional indi-
cations for implantable cardioverter-defibrillator (ICD) and cardiac resynchronization therapy 
(CRT) devices have been published [93]. ACE-I angiotensin-converting enzyme inhibitor, ARB 
angiotensin receptor blocker, BP blood pressure, CPAP continuous positive airway pressure, EF 
ejection fraction, HF heart failure, NHYA New  York Heart Association, OMT optimal medical 
therapy, T sat transferrin saturation
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 Management of Heart Failure in Patients with Diabetes

The cornerstone of HF management is neurohormonal blockade. Figure 27.6 sum-
marizes the staged treatment approach to patients with HF based on the American 
College of Cardiology Foundation/American Heart Association/Heart Failure 
Society of America guidelines [94, 95].

 General Management

Lifestyle modifications, management of comorbidities in addition to diabetes, and 
exercise training are essential for the management of all patients with HF regardless 
of ejection fraction. SPRINT (Systolic Blood Pressure Intervention Trial) demon-
strated that targeting a systolic blood pressure <120  mmHg, as compared with 
<140  mmHg, resulted in lower rates of fatal and non-fatal major cardiovascular 
events and death from any cause [96]. Considering that hypertension is a potent risk 
factor for HF [97], blood pressure control is key to disease prevention. A blood pres-
sure goal of <130/80 mmHg is recommended based on these data.

Comorbidities such as dyslipidemia [98], obesity [99], and tobacco use [100] are 
all associated with an elevated risk of HF, hence, the importance of aggressively 
managing these conditions. Cardiac comorbidities such as coronary artery disease 
and atrial fibrillation should be managed as per guidelines pertaining to these condi-
tions. A formal sleep assessment should be offered to patients with NYHA func-
tional class II–IV symptoms and suspicion of sleep-disordered breathing or 
excessive daytime sleepiness. Upon diagnosing obstructive sleep apnea, continuous 
positive airway pressure (CPAP) should be prescribed to improve sleep quality. 
Although CPAP has been shown to decrease the progression to permanent atrial 
fibrillation [101], lower blood pressure, and increase ejection fraction in HFrEF, 
other long-term cardiovascular benefits have not been established [102]. There is no 
role for CPAP therapy in patients with HF and central sleep apnea. A multicenter 
study of nocturnal oxygen therapy in patients with stable HFrEF and central sleep 
apnea was terminated early due to slow participant accrual [103].

Heart failure education by nurse specialists is associated with decreased hospi-
talization within 6 months of discharge, lower costs of care, and reduced rates of HF 
readmission and mortality at 6  months [104, 105]. In the HF-ACTION (Heart 
Failure: A Controlled Trial Investigating Outcomes of Exercise Training) study, 
exercise training modestly reduced all-cause mortality or hospitalization by 17% 
(HR 0.93, 95% CI, 0.84–1.02; p = 0.13) and cardiovascular mortality or HF hospi-
talization by 13% (HR 0.87; 95% CI, 0.75–1.00; p = 0.06) compared to usual care 
[106]. Modest improvements in quality of life were also observed. If tolerated, 
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exercise training and cardiac rehabilitation are both recommended for patients with 
symptomatic HF [94].

Less than 3 g sodium restriction is recommended for ACCF/AHA stage C HF 
patients and a more stringent 1.5 g sodium restriction for stage A and B patients, 
although the data to support these recommendations are limited [107]. Many clini-
cians also recommend that patients with HF limit fluid intake to less than 2 L daily 
to avoid congestion. While it is recognized that alcohol consumption is a risk factor 
for HF, there remains uncertainty about the amount of alcohol ingested and the 
likelihood of developing HF. Nevertheless, heavy alcohol use has been associated 
with cardiomyopathy and arrhythmias. Thus, patients should be counseled regard-
ing alcohol intake.

 Pharmacologic Therapy

 Diuretics

The effect of diuretics on morbidity and mortality in HF has not been demonstrated, 
but these agents relieve symptoms of congestion and improve exercise tolerance. 
Loop diuretics such as furosemide, torsemide, and bumetanide increase sodium 
excretion and enhance free water clearance to achieve euvolemia. Loop diuretics 
inhibit the Na+–K+–2Cl− symporter (co-transporter) on the apical membrane of epi-
thelial cells in the thick ascending loop of Henle. Hydrochlorothiazide, chlorthali-
done, chlorothiazide, and metolazone inhibit the Na/Cl co-transporter in the distal 
tubule, thus blocking sodium resorption. Thiazide diuretics, including metolazone, 
are used to enhance the effect of loop diuretics but may be limited by worsening 
renal function and electrolyte abnormalities (e.g., hypokalemia, hyponatremia). At 
high doses, mineralocorticoid receptor antagonists (MRAs) such as spironolactone 
and eplerenone, which are potassium-sparing and act on the distal tubule, can func-
tion as diuretics.

In patients with HF and diabetes, use of diuretics can cause hyperglycemia. 
Prolonged thiazide usage may precipitate diabetes mellitus [108]. Furosemide 
decreases the sensitivity of glucose utilization to insulin in skeletal muscle by 
directly inhibiting the glucose transport process [109].

 Renin–Angiotensin–Aldosterone System Inhibitors

Angiotensin receptor–neprilysin inhibitors (ARNI) have emerged as first-line ther-
apy in patients with HFrEF and mild-to-moderate symptoms, with a class I/level of 
evidence A recommendation. The prototype drug combines valsartan, an angioten-
sin receptor blocker (ARB), with sacubitril, an inhibitor of neprilysin, which is an 
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Fig. 27.7 Schematic representation of mechanism of sacubitril/valsartan on the natriuretic peptide 
and RAAS. Sacubitril inhibits neprilysin leading to an increase in natriuretic and vasoactive pep-
tides. Natriuretic and vasoactive peptides promote natriuresis, vasodilation, and reduction of sym-
pathetic tone. Valsartan inhibits angiotensin II which is responsible for vasoconstriction and 
activation of aldosterone. AHU 377, sacubitril; BNP, B-type natriuretic peptide; LBQ 657, sacubi-
trilat; LCZ 696, sacubitril/valsartan (prototype name); Na, sodium; NT-proBNP, N-terminal pro 
B-type natriuretic peptide; RAAS, renin–angiotensin–aldosterone system. (Reprinted with permis-
sion from Singh JSS, et  al. Sacubitril/valsartan: beyond natriuretic peptides. Heart 
2017;103(20):1569–1577)

enzyme that degrades natriuretic peptides, bradykinin, and other vasoactive pep-
tides (Fig. 27.7). In the PARADIGM-HF (Prospective Comparison of ARNI with 
ACEI to Determine Impact on Global Mortality and Morbidity in Heart Failure) 
trial, sacubitril–valsartan was shown to significantly decrease death or HF hospital-
ization by 20% when compared to enalapril [110]. Additional beneficial effects of 
sacubitril–valsartan on all-cause mortality, cardiovascular hospitalization [111], 
quality of life, and ventricular remodeling have also been demonstrated [112].

In a post hoc analysis of patients with HF and diabetes (N = 3778) enrolled in 
PARADIGM-HF, hemoglobin A1c concentrations were persistently lower in the 
sacubitril–valsartan group than in the enalapril group over 3-year follow-up 
(between-group reduction 0.14%, 95% CI 0.06–0.23, p = 0.006). New use of insulin 
was 29% lower in patients receiving sacubitril–valsartan and fewer patients were 
started on oral antihyperglycemic therapy [113]. There are several potential mecha-
nisms by which inhibition of neprilysin may lead to improvement in glycemic con-
trol, with most evidence suggesting the modulation of neprilysin circulating 
substrates [114]. The effect of renin–angiotensin system inhibition on glucose 
metabolism is likely modest. Additional data from PARADIGM-HF showed that 
patients treated with sacubitril–valsartan had a slower rate of decline in eGFR com-
pared with patients treated with enalapril, and the magnitude of the benefit was 
larger in patients with diabetes [115].

Angiotensin-converting enzyme (ACE) inhibitors and angiotensin receptor 
blockers (ARBs) are alternative therapies to sacubitril–valsartan in patients who 
cannot tolerate ARNI due to hypotension, renal dysfunction, or cost. ACE inhibitors 
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[116–121] and ARBs have well-established mortality benefits in patients with 
HFrEF [122–124], and can be used to treat hypertension in patients with HFpEF. ACE 
inhibition of kinase results in increased bradykinin, which can induce cough and/or 
angioedema, in this case ARB is an acceptable alternative. ACE inhibitors and 
ARBs exert renal protective effects in patients with albuminuria, which make them 
a good choice for patients with prediabetes [125]. The benefits of ACE inhibitors 
and ARBs on clinical status in patients with HF and diabetes are equivalent to those 
without diabetes [8, 126, 127]. Furthermore enalapril [128] and candesartan [129] 
have each been shown to reduce the incidence of diabetes in chronic HF.

There are limited data on the impact of ACE inhibitors/ARBs on glycemic con-
trol in patients with HF and preexisting DM. ACE inhibitors and ARBS may control 
glucose levels by improving insulin sensitivity through the increase of peripheral 
blood flow to skeletal muscle through elevation of bradykinin level or suppression 
of angiotensin II [130].

In clinical practice, MRAs (spironolactone and eplerenone) are used to reduce 
morbidity and mortality in patients with symptomatic HFrEF, creatinine clearance 
>30, and potassium level <5.0  mEq/L [131, 132]. MRAs are also indicated for 
patients after myocardial infarction with LVEF ≤ 40% and symptoms of HF or DM 
[133]. MRAs have consistent benefits in HFrEF patients with and without DM 
[134], while limited data suggest that eplerenone might have a more favorable 
impact on glycemic control than spironolactone [7, 135, 136].

 Beta-Blockers

Historically, there has been some reluctance to prescribe beta-blockers in patients 
with diabetes due to concern that these agents can mask hypoglycemia and stimu-
late insulin resistance [137]. A meta-analysis of six pivotal studies in patients with 
HFrEF showed that beta-blockers significantly reduced mortality in individuals 
with (relative risk, 0.84; 95% CI, 0.73–0.91) and without (relative risk, 0.72; 95% 
CI, 0.65–0.79) diabetes [138]. Recently, a prospective cohort study demonstrated 
that patients with HF and diabetes were prescribed larger doses of beta-blockers 
than those without diabetes, and that increasing beta-blocker dose was associated 
with a greater reduction in mortality in patients with diabetes [139]. Patients with 
HFrEF should be on one of three beta-blockers (bisoprolol, carvedilol, and meto-
prolol succinate), since they have been shown to reduce the risk of death and the 
combined risk of death or hospitalization [140–144]. Non-selective beta-blockers 
such as carvedilol reduce HbA1c and fasting insulin, and are associated with better 
glycemic effects [145, 146]. In a non-HF population of patients with hypertension 
and diabetes, carvedilol was shown to improve insulin sensitivity and glycemic con-
trol compared to metoprolol tartrate [146], however, further studies are needed to 
validate these findings in HF.
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 Adjunctive Pharmacologic Therapy

In self-identified African Americans with NYHA functional class III–IV HFrEF 
receiving optimal therapy with ACE inhibitors and beta blockers, the combination 
of hydralazine and isosorbide dinitrate should be considered as additive therapy 
[147]. This combination could also be considered in patients with symptomatic 
HFrEF who cannot tolerate ACE inhibitors/ARBs/ARNI. In the African-American 
Heart Failure Trial (A-HeFT), the beneficial effects of hydralazine–isosorbide dini-
trate on event-free survival were consistent across multiple subgroups, including 
patients with diabetes (41% of total enrolled) [148]. Despite these benefits, long-
term tolerability of combination therapy with hydralazine and nitrates (up to 6 or 
more pills daily, common side effects of headache and dizziness) is not high.

Ivabradine selectively inhibits the cardiac pacemaker current (If), which controls 
the spontaneous diastolic depolarization in the sinoatrial node. In the SHIFT trial 
(Systolic Heart failure treatment with the If inhibitor ivabradine Trial), ivabradine 
decreased the risk of cardiovascular death or HF hospitalization in patients with 
NYHA functional class II or III HF and left ventricular ejection fraction ≤35%. 
Ideally, patients should be in sinus rhythm with heart rates >70 bpm despite being 
on a beta-blocker at the maximum tolerated dose [149]. In SHIFT, the clinical ben-
efits of ivabradine were similar in patients with and without diabetes, and there was 
no difference in the incidence of serious adverse events [150].

Digoxin could be considered in select patients with HFrEF to decrease HF hos-
pitalization [151, 152], and may be used to control ventricular response in older 
patients with atrial fibrillation. Vericiguat, an oral guanylate cyclase stimulator, 
may be considered to reduce HF hospitalization and cardiovascular death in 
selected high-risk patients with HFrEF and recent worsening of HF already on 
GDMT [94, 153]. Intravenous iron infusion in the setting of iron deficiency anemia 
improves NYHA class, peak functional capacity, and 6-min walk test as shown in 
the FAIR-HF (Ferric Carboxymaltose Assessment in Patients With Iron Deficiency 
and Chronic Heart Failure) [154] and CONFIRM-HF (Ferric Carboxymaltose 
Evaluation on Performance in Patients With Iron Deficiency in Combination with 
Chronic Heart Failure) Trials [155]. In patients with iron deficiency stabilized after 
an episode of acute heart failure (42% of whom had diabetes), treatment with ferric 
carboxymaltose was safe and reduced the risk of HF hospitalizations [156]. 
Intravenous iron is indicated for treating HF patients with NYHA II–III symptoms 
and ferritin <100 or 100–300 ng/mL and transferrin saturation <20% [95, 157].

 Heart Failure with Preserved Ejection Fraction

Targeted therapy for HFpEF emphasizes the management of comorbidities such as 
DM, atherosclerotic disease, hypertension, iron deficiency anemia, obesity, or meta-
bolic syndrome. Although 45% of patients with HFpEF have DM [4], the optimal 
treatment strategy of the diabetic phenotype of HFpEF is unknown due to the 
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paucity of evidence-based treatments for HFpEF. Oral hypoglycemic agents such as 
SGLT2 inhibitors, GLP-1R agonists, and metformin have pleiotropic effects with 
cardiac benefits as discussed above. In the PARAGON-HF (Prospective Comparison 
of Angiotensin Receptor Neprilysin Inhibitor With Angiotensin Receptor Blocker 
Global Outcomes in Heart Failure and Preserved Left Ventricular Ejection Fraction) 
trial, the prevalence of diabetes was 43% [158], which is higher than other HFpEF 
trials. In patients with HF and mid-range EF, sacubitril–valsartan was associated 
with a 13% relative reduction in the primary composite endpoint of cardiovascular 
death and total HF hospitalizations, but this did not meet statistical significance 
[159] In patients with HF and mildly reduced or preserved EF, dapagliflozin reduced 
the combined risk of worsening HF or cardiovascular death by 18% [77].

 Device Therapy

Implantable cardioverter-defibrillators (ICDs) are indicated in patients with 
LVEF < 35% with NYHA class II–III symptoms after 3 months of optimal medical 
therapy [160, 161]. ICDs can also be considered for carefully selected NYHA class 
I patients who are at least 40 days post MI with LVEF of 30% or less [162–164]. 
ICDs should be considered only in patients who are expected to survive for at least 
1 year. Cardiac resynchronization therapy (CRT) is recommended for NYHA class 
II–IV patients with LVEF < 35% and LBBB with QRS duration >150 ms [165–
167]. Studies in patients with HF and diabetes have confirmed the benefit of pre-
venting sudden cardiac death and improving overall survival with ICD and CRT 
[168, 169]. Moreover, procedure-related complications and length of stay are simi-
lar in HF patients with and without DM. Patients with DM and HbA1c < 7.0% have 
better outcomes after CRT than do those with suboptimal glycemic control [170].

 Revascularization

Revascularization (coronary artery bypass grafting [CABG] or percutaneous coro-
nary intervention [PCI]) is typically integrated into the treatment of patients with 
HF and angina or coronary artery disease. The BARI 2D (The Bypass Angioplasty 
Revascularization Investigation 2 Diabetes) trial specifically compared revascular-
ization to medical therapy in 2368 patients with type 2 diabetes and coronary artery 
disease [171]. Patients with NYHA functional class III or IV heart failure were 
excluded, but approximately 6.6% of the cohort had a history of heart failure at 
enrollment. There was no difference in new onset HF between the revascularization 
and intensive medical therapy arms (21.3% vs. 21.2%).

While no clear mortality benefit was observed in the study, a subgroup analysis 
demonstrated that CABG plus medical therapy reduced the rate of cardiovascular 
events compared to medical therapy alone. In the FREEDOM (The Future 
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Fig. 27.8 Indications for referral for advanced cardiac therapies. I–NEED-HELP acronym is a 
guide for timely referral to a heart failure specialist. Spectrum of care includes medical therapy, 
mechanical circulatory support, heart transplant, and palliative care

Revascularization Evaluation in Patients With Diabetes Mellitus: Optimal 
Management of Multivessel Disease) trial, CABG reduced the rates of death and 
myocardial infarction compared to PCI among patients with DM and multivessel 
coronary artery disease [172].

 Advanced Therapies

The acronym I-NEED-HELP (Fig. 27.8) should trigger consultation with a heart 
failure specialist to optimize medical therapy in tandem with the interdisciplinary 
team (see Fig. 27.3) and consider candidacy for, and timing of, advanced therapies. 
An estimated 30–40% of patients undergoing evaluation for left ventricular assist 
device implantation have diabetes [173, 174]. Post-operatively, diabetes increases 
the risk of all-cause mortality (hazard ratio 1.73; 95% confidence interval 1.18–2.53; 
p = 0.005) and non-fatal composite of stroke, pump thrombosis, and device infec-
tion (hazard ratio 2.1; 95% confidence interval 1.35–3.18; p = 0.001) [174]. In older 
data, diabetes was associated with a higher risk of mortality following Novacor 
LVAD placement (OR 1.76, 95% CI 1.05–2.94) [175], but did not increase mortality 
or rates of major adverse events in continuous flow LVAD support [173]. The 
improvement in outcomes could be related to improved risk profile of newer genera-
tion LVAD technology.

Diabetes with poor glycemic control (A1c > 7.5%) and end-organ damage (other 
than non-proliferative retinopathy) is a relative contraindication to heart transplant 
[176]. In carefully selected patients with advanced HF and diabetic nephropathy, 
combined heart–kidney transplant is an option. Following heart transplant, patients 

27 Heart Failure and Cardiac Dysfunction in Diabetes



770

100

80

60

40

20

0
Vehicle

Vehicle

a

d

b

Lu
m

in
al

 o
cc

lu
si

on
 (

%
)

Liraglutide

Liraglutide
*

30

20

10

0
Vehicle

F
ib

ro
tic

 a
re

a 
(%

)

M
A

S
S

O
N

pe
riv

as
cu

la
r

in
te

rs
tit

ia
l

V
G

Liraglutide

*

c
E

Fig. 27.9 Liraglutide inhibits cardiac allograft vasculopathy and fibrosis in a murine model. 
Cardiac allograft vasculopathy (CAV) and cardiac fibrosis were induced by heterotopic heart trans-
plantation with a class II major histocompatibility difference between the donor and the recipient. 
The tissues were analyzed at 8 weeks after surgery. (a) elastic van Gieson (EVG) staining of car-
diac allografts of vehicle-treated and liraglutide-treated mice. (b) Masson’s trichrome staining 
(blue areas) of cardiac allografts of vehicle-treated and liraglutide-treated mice in the interstitial 
and perivascular regions. (c) Quantitative analysis of CAV by assessing luminal occlusion of at 
least 8 arteries per mouse in each group at 8 weeks after transplantation (n = 6 per group). Scale 
bars = 20 μm. (d) Quantitative analysis of the percentage of the fibrotic area in 10 given micro-
scopic visual field areas (200×) per mouse from each group (n = 6 per group). Scale bars = 20 μm. 
Data are expressed as the mean ± standard error of the mean (SEM). *p < 0.05 versus vehicle. 
MASSON: Masson’s trichrome staining. (Reprinted with permission from Wang Z et  al. 
Liraglutide, a glucagon- like peptide-1 receptor agonist, attenuates the development of cardiac 
allograft vasculopathy in a murine heart transplant model. Transplantation. 2019 
Mar;103(3):502–511)

are at increased risk of developing diabetes due to immunosuppressive agents such 
as steroids and calcineurin inhibitors. Treatment of post-transplant diabetes is simi-
lar to that discussed above (see “Pharmacological Management of Diabetes in Heart 
Failure”), although increasing insulin requirements are common in the setting of 
steroid use. Preliminary clinical data suggest that GLP-1R agonists may have salu-
tary effects on weight loss and insulin requirements in heart transplant recipients 
[177], while preclinical studies show attenuation in cardiac allograft vasculopathy 
(Fig. 27.9) [178]. Future studies are needed to determine the safety and efficacy of 
SGLT2 inhibitor use in this setting [179, 180].
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 Conclusion and Future Directions

Diabetes and cardiovascular disease have a potent bidirectional relationship with a 
complex interplay of cellular, molecular, and metabolic interactions leading to dia-
betic cardiomyopathy and heart failure. Although heart failure therapies have been 
shown to reduce the risk of death in patients with and without diabetes, most anti- 
diabetic agents have no effect on the prevention of cardiac dysfunction. GLP-1 
receptor agonists have shown promising results in reducing the risk of myocardial 
infarction, cerebrovascular disease, or cardiovascular death. SGLT2 inhibitors have 
emerged as cardioprotective and renal protective therapy in patients with and with-
out diabetes, with significant reductions in mortality and heart failure hospitaliza-
tion in both HFrEF and HFpEF. Further studies are needed to better elucidate the 
complex interaction between diabetes and heart failure.
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Chapter 28
Lifestyle and Nutrition Therapy

Shirly H. Ramchandani, Caroline M. Fox, Susan Berry Cann, Beth Cronin, 
Ayse A. Canturk, Catalina Norman, and Ann T. Sweeney

 Background/Introduction

 Lifestyle Intervention and Diabetes Self-management Education 
and Support in Patients with Diabetes

Positive behavioral change through lifestyle intervention, diabetes self-management 
education and support (DSMES), medical nutrition therapy (MNT), weight man-
agement, and regular exercise together are the foundation for successful diabetes 
prevention and diabetes treatment. In this chapter we review the evidence support-
ing these key lifestyle interventions and how they are effective in both diabetes 
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prevention and diabetes management. We discuss and review guideline-based 
dietary recommendations and the approach to weight management for patients with 
diabetes. We also review some of the new virtual tools and web-based applications 
such a continuous glucose monitoring (CGM) to help patients modify their behav-
ior, institute positive change and thereby attain optimal blood glucose control, and 
improve their metabolic health. The guidelines for physical activity and exercise in 
patients with diabetes are also presented and the importance of smoking avoidance 
and cessation is emphasized.

 Diabetes Prevention

Multiple studies and meta-analyses have illustrated the benefit of structured inten-
sive lifestyle intervention programs in diabetes prevention [1–4]. The largest benefit 
occurs in the most intensive and structured lifestyle intervention programs [1]. 
Three landmark, large, randomized controlled diabetes prevention trials are the 
Diabetes Prevention Program (DPP) [5], the Finnish Diabetes Prevention Study [6] 
(DPS), and the Chinese Da Qing Diabetes Prevention Study [7] (Da Qing study). 
These trials clearly demonstrate the effectiveness of lifestyle intervention in pre-
venting the development of diabetes.

The DPP, based in the USA, was the largest of these intensive trials and had an 
enrollment of over 3000 individuals with prediabetes (See Criteria for Prediabetes, 
Table 28.1) [5]. A particular strength of this trial was the diversity of participants in 
terms of their age, ethnicity, race, and geographic location. In this trial, individuals 
with prediabetes were randomized to an intensive lifestyle intervention arm, metfor-
min (850 mg twice daily) or placebo and followed for 3 years with the primary 
endpoint being the development of diabetes. The lifestyle intervention arm in the 
DPP aimed at achieving and maintaining a 7% loss of initial body weight, 150 min 
of moderate aerobic activity weekly and completing a 16-week intensive education 
curriculum which included education on: a reduced calorie diet, exercise, and inten-
sive lifestyle modification. The participants in the lifestyle arm were seen individu-
ally for education, dietary counseling, and coaching. The modest 7% weight loss 
goal was designated as this was deemed achievable by participants and would likely 
help prevent diabetes based on data from other studies [9–11]. The study partici-
pants were encouraged to try to attain this 7% weight loss within the first 6 months 

Table 28.1 Prediabetes criteria [8]

FPG: 100–125 mg/dl (IFG)
OR
2-h PG 140–199 mg/dl after 75-g OGTT (IGT)
OR
A1C 5.7–6.4%

IFG impaired fasting glucose, IGT impaired glucose tolerance
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of the trial by achieving a goal weight loss of 1–2 pounds/week. The caloric target 
was set by calculating the patients’ daily caloric needs and then subtracting 
500–1000 calories/day based on their initial weight. Participants were counseled to 
first restrict total dietary fat intake and then to concentrate on caloric reduction and 
limiting fat intake to 25% of total calories. The physical activity goal was derived to 
approximate 700–1000 kcal/week from physical activity which was consistent with 
the Surgeon General and Center for Disease Control Guidelines [12–14]. The pro-
tocol stressed “brisk walking” as a way to meet the exercise goal but alternative 
suggested aerobic exercise activities included biking, swimming, and dancing and 
up to 75 min of strength training was also permitted to attain the 150 min weekly 
goal [12]. The subjects were encouraged to allocate their exercise evenly over the 
course of the week and with a frequency of at least three times weekly with a mini-
mum exercise duration of at least 10 min per session [12]. Participants who were 
sedentary were advised to gradually increase their activity in 30 min increments 
over 5 weeks.

The core elements of the DPP lifestyle protocol comprised: specific weight loss 
and exercise goals, individual case managers or coaches, consistent frequent follow-
 up with participants, a structured and standardized 16 session core curriculum fol-
lowed by a more flexible maintenance program, supervised and guided exercise 
sessions, individualized coaching to overcome barriers to adherence by using a 
“tool box” of different techniques, materials relating to diverse ethnic populations 
as well as comprehensive local and national support to assist the lifestyle interven-
tion teams [12].

The results of the DPP showed that intensive lifestyle intervention was signifi-
cantly more effective than metformin in preventing the development of type 2 dia-
betes as the lifestyle intervention arm reduced the incidence of diabetes by 58% 
while metformin reduced the incidence by only 31% as compared with placebo [5]. 
The average weight loss in the DPP was 0.1, 2.1, and 5.6 kg in the placebo, metfor-
min, and lifestyle intervention groups, respectively (p  < 0.001) [5]. Therefore, a 
modest amount of weight loss translated into a significant reduction in the incidence 
of diabetes [5]. The results of the DPP were comparable to the Finnish study in that 
they both achieved a 58% reduction in the incidence of diabetes and were superior 
to the Chinese study which demonstrated a 42% reduction in diabetes onset through 
diet and exercise [5–7].

The long-term follow-up of these three landmark studies have also demonstrated 
a sustained reduction in the development of diabetes—39% at 30 years in the 
DaQing [15], 43% at 7 years in the Finnish Study [6], and 27% at 15 years in the 
Diabetes Prevention Program Outcome Study [16]. The 30 year Da Qing follow-up 
study showed a 35% lower risk of composite microvascular outcomes. However, the 
DPP and Finnish trials did not show a long-term benefit in terms of microvascular 
disease [6, 15].

Lifestyle intervention trials aimed at diabetes prevention have also been shown 
to improve cardiac and metabolic risk factors, specifically blood pressure, lipid lev-
els, and inflammatory markers. In the original DPP, lifestyle intervention also dem-
onstrated significant improvements in both systolic and diastolic blood pressure, 
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HDL cholesterol, and LDL particle size [17, 18]. In addition, positive changes in 
biomarkers of inflammation, coagulation, and endothelial dysfunction were seen 
[17, 18]. In a recent metanalysis of 17 studies, combined diet and physical interven-
tion programs demonstrated an improvement both in blood pressure and lipid 
levels [1].

 Diabetes Self-management Education and Support

Diabetes self-management education and support (DSMES) and medical nutrition 
therapy (MNT) are the cornerstones of successful diabetes management and are 
recommended as imperative for all patients with diabetes in the guidelines from the 
American Diabetes Association [19]. Diabetes self-management education and sup-
port (DSMES) refers to the recommended standard 10 h of diabetes self- management 
education (DSME) plus an additional program phase to provide further support for 
patients. This further support phase may be clinically focused but may also include 
psychological, educational or behavioral support. The over-arching objective of 
DSMES is to provide patients with the knowledge and skills they need so that they 
can optimally care for their diabetes as well as the ongoing support needed to man-
age their diabetes. The main goals of DSMES are to facilitate informed decision 
making, self-care behavior, and problem solving to improve clinical outcomes, 
health, and overall well-being [19].

The American Diabetes Association (ADA) certified DSMES program entails a 
patient-centered, structured curriculum with 10 h of either classroom or individual 
teaching sessions [20]. Traditionally DSME was offered in hospital clinic settings. 
However, with the evolution of health care delivery systems and greater demand for 
quality diabetes care, DSME sites have expanded to include outpatient clinic set-
tings, medical homes, and cyberspace through virtual Telehealth technology [21, 
22]. The comprehensive DSME core curriculum taught by certified diabetes educa-
tors [20] emphasizes self-care behaviors on the following topics: medications, phys-
ical activity, monitoring and using patient generated health data, prevention of 
complications, nutrition, risk reduction, coping strategies for stress reduction, and 
problem solving [23].

Numerous studies have demonstrated the multitude of benefits of DSME on 
health outcomes including improved: quality of diabetes care [24], knowledge of 
diabetes and self-care behaviors [25], glycemic control [26], psychological out-
comes [27], and quality of life [28]. In addition, DSME has been shown to be cost 
effective with significant cost savings related to a lower rates of hospitalization, 
readmissions as well as long-term complications of diabetes [29–31]. Commercially 
insured patients and Medicare patients who participate in DSME cost, 5% 
(p < 0.001), and 14% less (p < 0.001), respectively, than those who do not partici-
pate [32]. Medicare and most commercial insurance providers usually reimburse for 
DSMES services.
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Glycemic control clearly improves through DSME. Hemoglobin A1C (HbA1c) 
levels decline after completing a DSME program by 0.74–0.90% points [26, 33, 
34]. This reduction is clinically significant as data from the U.K.  Prospective 
Diabetes Study (UKPDS) demonstrate that each 1% reduction in HbA1c over 10 
years translates into risk reductions of: 21% for any end point related to diabetes, 
21% for deaths related to diabetes, 14% for myocardial infarctions, and 37% for 
microvascular complications [35]. Studies consistently show a diminishing effect 
on A1C reduction as time elapses from the initial DSME intervention [26, 36, 37]. 
The largest reductions in A1C are seen when patients are engaged in more than 10 h 
of education and when they participate in both group and individual classes [34, 
38]. In most studies, peak A1C reduction occurs at 3–6 months after the initial inter-
vention with a waning effect over time [26, 33]. To rectify this attenuating effect on 
A1C reduction, the ADA advises ongoing DSMES and MNT follow-up annually 
and as needed [19]. According to the 2020 Standards of Medical Care in diabetes, 
DSMES as well as MNT are advised at four critical times: “at diagnosis, annually, 
when complicating factors arise and when transitions in care occur” [19].

DSMES remains an underutilized resource as data indicate that only 5–7% of 
eligible Medicare and commercially insured patients receive this very important 
service [39, 40]. To address this underuse of DSMES and improve care for patients 
with diabetes, a joint Consensus Conference convened which included the ADA, the 
Association of Diabetes Education Specialists, Academy of Nutrition and Dietetics 
among others and published recommendations highlighting the importance and 
value of DSMES as well as positive measures needed to facilitate, promote, and 
ensure utilization of DSMES [41].

 Lifestyle Intervention Programs for Diabetes

Intensive lifestyle intervention (ILI) through a multicomponent behavioral approach 
has demonstrated success in achieving sustained weight loss [42], improved glyce-
mic control [42], a reduction in requirement for antihyperglycemic medications 
[43], as well as remission from type 2 diabetes [44]. The DiRECT trial, an ILI trial 
in the UK, examined the durability of a primary care-based weight loss program in 
achieving diabetes remission which was able to sustain remission of diabetes in 
more than one-third of its participants with type 2 diabetes [44]. Both ILI and 
DSMES have been shown to have similar benefit in terms of glycemic control but 
ILI has been shown to be more effective in achieving weight loss and lowering body 
mass index [38]. Lifestyle and behavioral programs have been shown to benefit 
those who have suboptimal or poor glycemic control more than those who are in 
good glycemic control [38].

The Look AHEAD (Action for Health in Diabetes) trial was a large randomized 
controlled trial aimed at assessing the long-term cardiovascular effects of intensive 
lifestyle modification (ILI) in comparison with standard DSME delivered over 4 
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years in overweight or obese patients with type 2 diabetes [42]. Over 5000 patients, 
in 16 different national centers were randomized to either intensive lifestyle modi-
fication versus DSME with a follow-up plan.

The main objectives of the study were to achieve a 7% weight loss through calo-
rie reduction and a structured exercise program [42]. The specific intervention strat-
egies for the ILI included: a caloric goal of 1200–1800 kcal/day (with <30% from 
fat and >15% from protein), the use of meal replacement products and over 175 min 
weekly of moderate physical activity [42].

The intensive lifestyle intervention protocol was similar in design to the DPP 
[45]. The participants’ characteristics included: obese or overweight individuals 
(mean BMI 36 kg/m2) who were 45–75 years in age and had a mean baseline A1C 
of 7.25%. Those in the intensive lifestyle intervention arm received support by 
trained professionals such as lifestyle coaches who were either registered dietitians, 
psychologists, and/or exercise physiologists. They were seen for a total of four ses-
sions monthly (three group and one individual) for the first 6 months and then three 
sessions (two group and one individual) monthly over the next 6 months. In years 
2–4, participants were seen monthly in person and had an additional contact monthly 
via phone, email, standard mail or group class. The group sessions included the 
same 10–20 participants, lasted 60–75 min in duration and were comprised of: an 
individual private weigh in, self-reports of monitoring and personal goals, topic 
presentations, discussions on barriers to success as well as goal setting. The sessions 
were focused on weight reduction and emphasized weight setting goals, physical 
activity, and caloric intake. Strategies to reduce fat and calories were also high-
lighted. A toolbox method was used to help when patients had difficulty in attaining 
goals. For example, if patients were not meeting their weight loss targets, tech-
niques such as motivational interviewing, problem solving, and behavioral contracts 
were employed. If these tools were not successful, additional advanced approaches 
were tried such as frozen meals, community classes or weight loss medication 
(orlistat).

In comparison, those in the DSME control group received three standard diabe-
tes educational group sessions which concentrated on diet, exercise, and social sup-
port in years 1–4. Subsequently, they participated in one group diabetes education 
session yearly. The trial did not show a reduction in cardiovascular mortality or 
morbidity through ILI [42]. The overall cardiovascular events rates were low in both 
groups which is a point of controversy regarding the trial outcomes. Possible expla-
nations for the low overall cardiovascular event rate include more aggressive treat-
ment of risk factors in the control group as compared with the ILI group as more 
patients in the control group received statin therapy. Patients in the study were also 
likely more motivated and health conscious as they volunteered to participate and 
had to be able to meet certain fitness targets to qualify for participation. The mean 
A1C of both groups was just mildly elevated at 7.25% as compared with other ILI 
trials in which the A1C was higher at baseline [44, 46]. Meta-analyses demonstrate 
that patients in poor glycemic control derive more benefit from lifestyle intervention 
than those who are well controlled [38].
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Despite the lack of difference in cardiovascular events in the Look AHEAD trial, 
multiple benefits were realized through ILI including superior weight loss (8.6 vs. 
0.7% at 1 year and 6 vs. 3.5% at study end) as compared with the standard education 
group [42]. Participants in the ILI group also had greater reductions in waist circum-
ference and improvement in fitness as compared with the standard intervention 
group (Fig. 28.2b, c) as well as greater reductions in A1C and all other cardiovascu-
lar risk factors other than LDL cholesterol [42]. Additional positive effects through 
ILI included: reductions in urinary incontinence, depression, sleep apnea and 
improvements in quality of life, mobility and physical functioning [42]. The 
improvement in quality of life was also associated with lower costs as there were 
fewer hospitalizations and medications [48].

 Physical Exercise

“Physical activity is defined as all movement that increases energy use while exer-
cise is defined as planned and structured physical activity” [49]. Exercise provides 
many benefits to patients with diabetes as it has been shown to improve glycemic 
control, decrease cardiovascular risk factors, promote weight loss, and improve 
quality of life [50]. Aerobic exercise entails physical activity of varying intensity 
that requires the large muscle groups and depends on the aerobic energy generat-
ing process [49]. Examples of aerobic exercise include walking, jogging, cycling, 
and dancing. In contrast, resistance exercise (or strength training), which is pri-
marily anaerobic, is a form of physical activity that causes the muscles to contract 
against an outside force with an aim to increase strength. Resistance exercises 
include the use of free weights, resistance bands, or other exercise equipment [49]. 
Both aerobic and resistance exercises have been shown to improve glycemic con-
trol but the improvements are greatest with combined aerobic and resistance exer-
cise [51, 52].

 Mechanisms of Improved Glycemic Control

Regular, moderate aerobic exercise occurring over a prolonged period has been 
shown to have multiple beneficial effects on muscle function that promote a more 
efficient use of energy. These effects include an increase in the number of mitochon-
drial enzymes and “slow twitch” muscle fibers as well as the formation of new 
muscle capillaries [53]. In addition, there is an increase in the mobilization of insu-
lin responsive glucose transporters (specifically, GLUT4) to the cell surface which 
promotes glucose uptake into skeletal muscle and thereby increases insulin sensitiv-
ity [54]. The addition of resistance exercise increases this positive effect on glucose 
disposal.
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The benefits of exercise on glycemic control are strongest in patients with type 2 
diabetes, thought to be due to the higher intrinsic level of insulin resistance in com-
parison to patients with type 1 diabetes. The A1C reduction is, on average, 
0.5–0.7%points for those with type 2 diabetes engaging in regular exercise training 
[55–57].

 Cardiovascular Risk Factor Reduction

Moderate to high amounts of regular aerobic exercise training in patients both type 
1 and type 2 diabetes are associated with significantly lower cardiovascular and 
overall mortality [58]. In patients with type 1 diabetes, regular aerobic exercise has 
been shown to improve waist circumference, body mass index, cardiopulmonary 
fitness, insulin sensitivity, lipid levels as well as endothelial function [59, 60]. In 
patients with type 2 diabetes, regular aerobic exercise also improves triglycerides, 
blood pressure, body composition and insulin sensitivity [56].

 Recommendations

Regular aerobic and resistance exercise should be prescribed for all patients with 
both type 1 and 2 diabetes to help improve their glycemic control and their overall 
health provided no contraindication exists such as moderate proliferative retinopa-
thy or severe non-proliferative retinopathy [19]. The recommendations should be 
individualized according to each patient’s age, health status, and presence of com-
plications [19]. It is advised that most adults, particularly those who are sedentary, 
begin their exercise program gently and gradually increase to more vigorous activ-
ity. It is not recommended to screen asymptomatic individuals with an exercise 
stress test before they begin an exercise regimen. However, stress testing should be 
considered in those with a high cardiovascular risk (history of coronary artery dis-
ease, peripheral vascular disease, carotid artery disease or multiple complications 
from diabetes) [19].

The ADA, American Heart Association and the American College of Sports 
Medicine advise that most adults with Type 1 and Type 2 diabetes engage in a total 
of 150 min or more of moderate intense aerobic exercise weekly and that the activ-
ity should be spread over 3 days with no more than 2 successive days without activ-
ity [19, 61]. The aerobic exercise should be sustained for at least 10 min in duration 
to attain a goal of 30 min or more daily on most days of the week [19]. Patients 
should also be encouraged to engage in 2–3 sessions weekly of resistance exercise 
on nonconsecutive days [19]. In addition, all individuals should be advised to 
decrease the amount of time spent in prolonged sedentary activity (>30 min) by 
transiently standing, walking or performing other low intensity physical activities 
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for 3 min in duration [19]. Such transient activity was found to be associated with 
favorable effects on post-prandial glucose, C peptide, triglyceride levels, and insulin 
levels in adults with type 2 diabetes [62]. The ADA also advises older adults to 
engage in flexibility and balance training 2–3 times weekly and suggests participat-
ing in yoga or Tai Chi as both have been shown to increase flexibility, muscle 
strength and balance [19, 63, 64].

 Weight Management and Behavior modification

Obesity is a complex, heterogenous disease, which is thought to arise from multiple 
etiologies including genetics and epigenetics as well as environmental, behavioral, 
developmental, and psychological factors. Obesity results from physiological dys-
function and not from simply energy imbalance as was formerly accepted. Obesity 
is also an independent and a major cardiovascular risk factor and is closely associ-
ated with other cardiac risk factors including diabetes mellitus, hypertension, and 
dyslipidemia. The prevalence of diabetes parallels the epidemic of obesity. Secular 
changes in our environment, diet quality, agricultural policies as well as lack of 
physical activity have contributed to the “diabesity” pandemic [65]. Some of the 
other modifiable cardiac risk factors include tobacco use, sedentary lifestyle, poor 
nutritional habits, and elevated blood pressure. Data from the Framingham Heart 
Study shows that individual risk factors act synergistically with one another increas-
ing the risk of cardiovascular disease (CVD) by several fold. A multifaceted life-
style approach is an effective means to reduce the risk factors that contribute to 
CVD [66].

 Prevalence

The NHANES data show that the prevalence of obesity was 42.4% among U.S. adults 
in 2017–2018, with significant variation in racial incidence. The highest prevalence 
of obesity was among the non-Hispanic black adults compared with all other race 
and Hispanic-origin groups. The prevalence of obesity was lowest among non- 
Hispanic Asian adults (17.4%) compared with non-Hispanic white (42.2%) and 
Hispanic (44.8%) adults.

The age-adjusted prevalence of severe obesity among U.S. adults was 9.2% in 
2017–2018. Women had a higher prevalence of severe obesity (11.5%) than men 
(6.9%) [67]. If these trends continue, it is estimated that by 2030 over half of 
American adults will have Obesity. The global economic impact of obesity is 
estimated at $2 trillion, which approximates 2.8% of the global domestic prod-
uct [68].
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 Definition

Overweight and obesity are defined as abnormal or excessive fat accumulation that 
presents a risk to health as defined by the World Health Organization. Body mass 
index (BMI) is the most practical and inexpensive tool to assess body fat based on 
height and weight in an office setting. It is calculated using height and weight, 
BMI = body weight (kg)/height(m2) [66]. The World Health Organization (WHO) 
and the International Obesity Task Force recommends the use of BMI to define and 
classify weight categories as shown in Table 28.2.

Quantifying total body fat is possible using specialized equipment like DEXA 
dual energy- X-ray absorptiometry and bioelectrical impedance but is difficult, 
costly, and not readily available. Distribution of fat is strongly and independently 
associated with CVD more than the BMI [69]. The assessment of abdominal obesity 
by waist circumference (men >40 in. and women >35 in.) confers an increased risk 
of cardiovascular disease. Excess bodyweight, in particular abdominal obesity, is a 
major contributor to other independent risk factors, making weight reduction the 
fundamental cornerstone in reducing the risk of CVD.

The linkage between obesity and CVD is not completely understood. In addition 
to the co-morbidities associated with obesity, adipose tissue remodeling results in 
metabolically active adipocytes releasing inflammatory markers that, in turn, 
increase oxidative stress and insulin resistance and lead to the development of met-
abolic syndrome, type 2 DM, and cardiovascular disease. Adiposopathy is defined 
as dysfunctional adipose tissue (or sick fat) in genetically and environmentally sus-
ceptible individuals predisposes patients to the development common of type 2 
diabetes mellitus, high blood pressure, dyslipidemia, and increased CVD risk [70]. 

Table 28.2 Classification of overweight and obesity by BMI, waist circumference, and associated 
disease risks

Disease riska relative to normal weight and waist 
circumference

BMI (kg/
m2)

Obesity 
class

Men 102 cm (40 in.) or less
Women 88 cm (35 in.) or 
less

Men > 102 cm 
(40 in.)
Women > 88 cm 
(35 in.)

Underweight <18.5 – –
Normal 18.5–24.9 – –
Overweight 25.0–29.9 Increased High
Obesity 30.0–34.9 I High Very high

35.0–39.9 II Very high Very high
Extreme 
obesity

40.0b III Extremely high Extremely high

aDisease risk for type 2 diabetes, hypertension, and CVD
bIncreased waist circumference also can be a marker for increased risk, even in persons of normal 
weight [5]
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Abnormal and excessive accumulation of body fat results in increased risk of dis-
ease affecting multiple organ systems, impairing quality of life and resulting in 
premature mortality. Severe obesity can reduce life expectancy by an estimated 
5–20 years [71].

 Treatment of Obesity

Obesity is a complex, relapsing chronic disease that requires a personalized multi-
disciplinary approach. We now recognize that the long-held simple energy balance 
theory which prompted clinicians to advise patients to simply eat less and move 
more does not result in sustainable weight loss. Behavioral modification and/or life-
style intervention has been an important part of weight loss programs for more than 
half a century [11, 72, 73]. Data from two large RCTs, the Look AHEAD trial and 
the DPP, support the efficacy of these approaches. There is strong evidence that a 
5% weight loss is needed to achieve beneficial outcomes in glycemic control, lipids, 
and blood pressure in patients with diabetes who are overweight or obese [74]. 
According to guidelines released in 2013 by the American College of Cardiology 
(ACC), the American Heart Association (AHA), and The Obesity Society (TOS), 
clinically meaningful health improvements can even be seen with a 2–5% weight 
loss [73].

The causes and manifestations of obesity are very heterogeneous and this results 
in a wide variability in response to treatment. Four subtypes of obesity have been 
identified: diabetes with low HDL (Class I), disordered eating (Class II), mixed 
(Class III), and extreme obesity with early onset (Class IV) [75]. Based on patients’ 
obesity subtype, individualized therapy including behavioral therapy, pharmaco-
therapy or bariatric surgery is recommended. Patients with disordered eating appear 
to have the best response to bariatric surgery [75].

Lifestyle modification, which includes physical activity, diet, and behavioral 
therapy, is the cornerstone of therapy. Modifiable negative lifestyle factors include 
chronic stress, poor nutrition, physical activity, and circadian disruption from sleep 
deprivation [76]. Research supports intensive lifestyle intervention as a means to 
achieving meaningful weight loss [11]. Additionally, in 2015, the Endocrine 
Society released new obesity treatment guidelines which stated that, “Diet, exer-
cise, and behavioral modification should be included in all obesity management 
approaches for body mass index (BMI) of 25 kg/m2 or higher. Other tools, such as 
pharmacotherapy for BMI of 27 kg/m2 or higher with comorbidity or BMI over 30 
kg/m2 and bariatric surgery for BMI of 35 kg/m2 with comorbidity or BMI over 40 
kg/m2, should be used as adjuncts to behavioral modification to reduce food 
intake” [77].
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 Behavior Modification

Health behaviors such as eating patterns, physical activity, sleep hygiene, and effec-
tive stress management are under the complex influence of many psychological and 
social factors. Identification of common psychopathological diagnoses such as anx-
iety, depression, and disordered eating require consultation with mental health spe-
cialists for early treatment before patient engagement can be elicited. Using 
motivational interviewing skills, health care providers use intrinsic motivators to 
promote positive behavior change, improve confidence, and encourage achiev-
able goals.

There are multiple behavioral change theories and models. Some of the key strat-
egies in the behavioral treatment of obesity include encouraging patients to self- 
monitor, problem solve, set personal goals, and seek social support which all work 
synergistically to promote self-efficacy. Self-monitoring of physical activity and 
food intake is critical to successful behavioral therapy. Frequent self-weighing can 
be an important tool for weight regulation as it allows daily adjustment of caloric 
intake and energy expenditure to maintain balance [78]. Smart phone applications 
allow patients an easy way to monitor their caloric intake, exercise, and help with 
adherence to personalized goals. Some of the commonly used “apps” include Lose 
It, My Fitness Pal, Fitbit, Weight Watchers, and Cronometer. Similarly, wearable 
activity monitors show promising benefit in increasing physical activity and decreas-
ing weight [79]. Social support is instrumental in pursuing desired personal health 
behavior goals. Goal setting is a process of identifying values and having goals that 
coincide with these values. One such technique is the SMART approach to ensure 
that goals are attainable, valued, and helpful to the individual. [SMART = Specific, 
Measurable, Achievable, Realistic, Timely]. Problem solving is helpful in brain-
storming possible solutions when a barrier has been identified. Environmental 
restructuring involves identifying external cues that reinforce unhealthy behaviors 
[80]. The above-mentioned behavioral adaptations can only be implemented if there 
are no untreated psychological factors. It is well recognized that psychological dis-
tress and unmanaged stress can result in disordered eating.

In order to understand how these internal individual factors impact behavior, we 
must first review the physiology of how our brain is intricately involved in weight 
regulation. The hypothalamus is responsible for modulating hunger and energy 
metabolism. It receives signals from organs such as the pancreas, stomach, large 
and small intestines as well as adipose tissue via the vagus nerve which help modu-
late appetite and fat storage. In turn, individuals’ behaviors are intricately regulated 
by the neuronal systems. Activation of the stress response can alter the hypotha-
lamic regulatory systems. The so-called stress response represents an integrated 
reaction to stressors, broadly defined as real or perceived threats to homeostasis or 
well-being [81]. Prolonged psychological and environmental stress can result in 
changes within the brain via a cascade of immune, endocrine, and neural mediators 
which lead to a systemic effect on organ systems. Both major and minor stress 
occurring in daily life that can lead to health damaging behaviors. Over time, this 
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results in wear and tear on the body, termed the “allostatic load.” This “allostatic 
load” is impacted by genetics, life experiences, as well as individual lifestyle habits 
and ultimately, through adaptation, regulates life-long patterns of behavior and 
physiological reactivity [82].

Chronic stress can induce changes in cells via inflammation, oxidative stress, and 
hypothalamic-pituitary -adrenal axis (HPA) dysfunction, and these key pathophysi-
ologic processes link stress to negative health outcomes. Chronic stress can also 
alter health behaviors which can cause adverse health outcomes. This is demon-
strated in a pilot study showing correlations of lifestyle factors with epigenetic 
aging as determined by DNA methylation. A higher BMI was associated with higher 
DNA methylation while physical activity was inversely associated with DNA meth-
ylation [83].

Stress impacts unhealthy eating behaviors as it can trigger body’s reward system 
to seek high palatable foods containing large amounts of sugar and fat. Chronic 
stress has also been associated with higher levels of cortisol, which cause cravings 
of energy-dense palatable foods and contribute to abdominal obesity [84]. Chronic 
stress also has been associated with mental health disorders like depression and 
anxiety through dysfunction in HPA axis [85]. Obese adults have a 55% increased 
risk of developing depression over time. Conversely, depressed individuals have a 
58% increased risk of becoming obese [86]. The binary relationship also exists with 
unhealthy eating and mood disorders. Unhealthy eating can result in diets that are 
high in saturated fats, which can contribute to dysphoria and intestinal wall leaki-
ness, resulting in a change in the gut microbiome. It is thought that altered gut 
microbiome may contribute to symptoms of anxiety and depression. Mood disor-
ders can lead to maladaptive changes in eating habits or “emotional eating” that may 
result in over-eating. As illustrated in Fig. 28.1, a complex interplay exists between 
mood disorders, neurotransmitters, hormones, disease states (such as cardiovascular 
disease and diabetes), and intra-abdominal fat.

Lastly, being overweight or obese is often stigmatized in American culture and 
this includes healthcare providers [87]. The notion that obesity is self-imposed and 
a behavioral condition has led to weight discrimination. Weight stigma is a common 
stressor that can lead to both disordered eating and a lack of motivation to adopt 
healthy behaviors. Fortunately, our stress response is modifiable, and an important 
target for health interventions. Prolonged activation of stress physiology impacts 
healthy behaviors, mood, and motivation. Inclusive of psychological support, are 
mind-body therapeutic strategies that evoke a “relaxation response.” The relaxation 
response is the opposite of the stress response, which is a hypometabolic physiolog-
ical state [88]. Mind body interventions activate the relaxation response by reducing 
sympathetic nervous system activation and increasing parasympathetic nervous sys-
tem activity, and thereby restore homeostasis [89]. There are various mind-body 
therapies, like meditation, movement as well as adaptive coping strategies. The 
regular practice of such mind-body therapies can improve self-regulation skills. 
Regular exercise, adequate sleep, and healthy eating approaches (including mindful 
eating) help patients to manage stress and improve overall well-being.
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Fig. 28.1 Illustrates the intricate relationship between diet, obesity, and behavior. Stress acts 
through the brain to affect eating and exercise behaviors (Path A) and stress-related psychiatric 
disorders (Path B), both of which can lead to changes in metabolism, metabolic syndrome (MetS), 
and obesity (Paths A and B). Dual relationships also exist between unhealthy eating, PTSD/depres-
sion, and the brain. Diets high in saturated fat (Path A) negatively impact mood (dysphoria) and 
precipitate changes in the gut microbiome which thereby regulate obesity, MetS, and metabolism 
(Path A). Physical illness such as cardiovascular disease (CVD) and diabetes (Path C) as well as 
intra-abdominal fat (Path C) are affected by stress and cause inflammation. An elaborate system of 
neurotransmitters (norepinephrine, serotonin, dopamine) (Path D), inflammatory markers (Path E) 
and neuropeptides (ghrelin, somatostatin, galanin) (Path F) in the gut and brain are also affected by 
stress via the brain, influence gut microbiota and physical disease in a binary fashion and in turn 
modulate feeding behavior and psychiatric disorders. Within the figure, the line color indicates the 
path, with dashed lines indicating primary pathways and solid lines representing secondary path-
ways. Nutrients 2020, 12(8), 2428; https://doi.org/10.3390/nu12082428

Positive psychology interventions have been used as effective tools to improve 
psychological well-being. These interventions are designed to enable patients to use 
their strengths to manage stress and emotions and thereby work toward healthy 
habits and lifestyle changes. Some of these interventions include an emphasis on 
positive emotions, optimism, self-compassion, and gratitude. A positive psychology- 
motivational interviewing Pilot for patients with type 2 DM with low physical activ-
ity demonstrated a moderate to large positive effect on both health behaviors and 
medical outcomes [90].

There are several online tools available (through use of smart phone applica-
tions or online websites) that can be helpful in screening patients for mood 
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disorders and unhealthy eating behaviors. Some of the questionnaires include 
Patient Health Questionnaire-9, Generalized Anxiety Disorder-7 as well as the 
Eating and Appraisal Due to Emotions and Stress questionnaire. Online group 
support is also available for patients seeking encouragement, accountability, and 
or motivation. Such groups include Weight Watchers, Overeaters Anonymous, 
and SparkPeople.com. There are several smart phone applications for mindful-
ness and meditation, including Insight Timer, Headspace, Calm, and Ten Percent 
Happier.

 Medical Nutrition Therapy Guidelines for the Management 
of Type 2 Diabetes Mellitus and Cardiovascular Risk Factors

Background/Introduction Medical nutrition therapy (MNT) is an evidence-
based application of the Nutrition Care Process and a key component of diabetes 
education and management. Medical Nutrition therapy for the management of 
diabetes in the clinical setting is delivered by a Registered Dietitian/Registered 
Dietitian Nutritionist (RD/RDN) [91]. MNT aims to prevent or slow complica-
tions of DM and manage comorbid cardiovascular risk factors. RDs/RDNs pro-
vide individualized, evidence-based nutrition and lifestyle counseling and 
recommendations to patients in an inpatient or outpatient setting through the prac-
tice of MNT.

MNT follows a structure defined by the Academy of Nutrition and Dietetics 
(AND) outlined in the Nutrition Care Process (NCP) [91]. The NCP steps include: 
Nutrition Assessment and Reassessment, Nutrition Diagnosis, Nutrition 
Intervention, and Nutrition Monitoring/Evaluation [91]. The Academy of Nutrition 
and Dietetics Position Paper: The Role of Medical Nutrition Therapy and Registered 
Dietitian Nutritionists in the Prevention and Treatment of Prediabetes and Type 2 
Diabetes specifies assessment criteria, evidence-based nutrition interventions, coor-
dination of care, and nutrition monitoring and evaluation considerations.

The Academy of Nutrition and Dietetics Evidence-Based Nutrition Practice 
Guidelines offer a structural outline on how to implement medical nutritional ther-
apy in adults with diabetes. These guidelines suggest an initial series of 3–6 encoun-
ters with a RD/RDN lasting from 45 to 60 min within the first 6 months of diagnosis. 
There should be additional sessions as needed to be determined by the dietitian, and 
at least one annual follow-up encounter to reinforce lifestyle change and monitor 
and evaluate outcomes [91]. Despite the documented effectiveness of MNT and 
Diabetes Self-Management Education and Support (DSMES) intervention for dia-
betes management and typical coverage of care from Center of Medicare & 
Medicaid Services, national data suggests that only about half of patients with dia-
betes report having received some kind of diabetes education such as a DSMES 
program, and fewer are reported to see an RD for MNT [40].
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 Evidence for Medical Nutrition Therapy

Medical nutrition therapy for diabetes, alone or as part of a DSMES program, is 
shown to be effective in lowering A1c by up to 2% [91, 92]. Additionally, research 
supports that MNT may reduce saturated fat intake by 5–8%, reduce energy intake 
for weight loss between 232 and 710 kcal/day, and lower triglycerides by 11–31%, 
LDL Cholesterol 7–22%, and total cholesterol 7–21% [91].

The ADA Standards of Medical Care in Diabetes recommend all patients be 
assessed and referred for Nutrition Counseling, Diabetes Education, and emotional 
health counseling [91, 92].

 Healthy Eating Patterns for Management of DM, ASVD, 
and Obesity

In 2019, The American Diabetes Association published, “Nutrition Therapy for 
Adults with Diabetes or Prediabetes: A Consensus Report” [92]. The ADA consen-
sus report reviewed evidence-based dietary patterns and established guidelines for 
management of T2DM and ASCVD risk factors [93]. Eight eating patterns were 
evaluated for the report [92]. For a full description of these eating patterns and 
potential health benefits of each, we refer you to this report published by the 
American Diabetes Association [92]. Table 28.3 outlines the effects of different 
dietary patterns on cardiometabolic risk and cardiovascular disease. Factors com-
mon to several eating patterns align with the United States Department of 
Agriculture (USDA) Dietary Guidelines for Americans and include an emphasis 
on intake of non-starchy vegetables, consumption of whole foods rather than 
highly processed foods as well as replacement of sugar-sweetened beverages with 
water [93].

The USDA Dietary Guidelines for Americans, published every 5 years, promotes 
nutrient-dense foods and beverages. Nutrient-dense foods are defined as those 
which provide vitamins, minerals, and other health-promoting components and 
have little added sugars, saturated fat and sodium. Nutrition guidance, jointly issued 
from the American College of Cardiology (ACC) and the American Heart 
Association (AHA), mirror the USDA Dietary Guidelines for Americans. 
Additionally, lean animal or plant-based proteins are suggested by the ACC and 
AHA [95]. The Association of Clinical Endocrinologists (AACE) and American 
College of Endocrinology (ACE) 2020 consensus statement also recommends 
plant-based eating and support the Academy of Nutrition and Dietetics Position 
Paper on Vegetarian Diets which notes that vegetarians and vegans are at reduced 
risk of ischemic heart disease, type 2 diabetes, hypertension, obesity, and certain 
types of cancer [96].
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Table 28.3 The effects of different dietary patterns on cardiometabolic risk, cardiovascular 
disease, cancer, and mortality [94]

Author Diet Year

MA 
(No of 
studies) N Results Ref.

Nordmann MedDiet 2011 Yes (6)a 2650 −2.2 kg weight; 
−0.6 kg/m2 BMI; 
SBP—
1.7 mmHg; 
DBP—
1.5 mmHg; 
FPG—3.8 mg/dl; 
TC—7.4 mg/dl; 
hsCRP—1.0 mg/l 
compared with 
low-fat diets

Nordmann et al. 
(2011)

Qian MedDiet 2016 Yes 
(24)a

2460 −1.56 kg weight; 
−0.57 mmol/l 
FPG; 
−0.31 mmol/l 
TG; 
+0.06 mmol/l 
HDL-C; 
−2.31 mmHg 
SBP compared 
with CHO-diets

Qian et al. 
(2016)

Liyanage MedDiet 2016 Yes (6)a 10,950 A decrease of: 
31% in CVD risk 
and 34% in IS 
risk

Liyanage et al. 
(2016)

Grosso MedDiet 2017 Yes 
(29)a

– A decrease of: 
28% in CHD risk 
and 24% in IS 
risk

Grosso et al. 
(2017)

Dinu MedDiet 2018 Yes 
(29)a, b

12,800,000 Significant 
(p < 0.001) risk 
reductions in 
all-cause 
mortality, CVD, 
CHD, MI, and 
T2D incidence. 
Significant 
(p < 0.05) risk 
reduction in 
certain site- 
specific cancers 
and 
inflammatory/
metabolic 
parameters

Dinu et al. 
(2018)

(continued)
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Table 28.3 (continued)

Author Diet Year

MA 
(No of 
studies) N Results Ref.

Siervo DASH 2015 Yes 
(20)a

1917 −0.2 mmol/l TC; 
−0.10 mml/l 
LDL-C; 
−5.2 mmHg 
SBP; −2.6 DBP 
mmHg

Siervo et al. 
(2015)

Maddock DASH 2018 No 1409 High adherence 
led to lower BP 
(p ≤ 0.08), higher 
HDL-C 
(p < 0.001) and 
lower TG 
(p < 0.001) 
levels, as well as 
reduced—0.28 
PWV and—0.24 
cIMT

Maddock et al. 
(2018)

Schwingshackl DASH 2018 Yes 
(68)b

1,670,179 Association with 
a decrease of: 
22% in CVD risk 
(incidence or 
mortality) and 
22% in all-cause 
mortality

Schwingshackl, 
Bogensberger, 
and Hoffman 
(2018)

Chiavaroli Portfolio 2018 Yes (7)a 439 A decrease of: 
12% TC,17% 
LDL-C, 16% TG, 
14% non- 
HDL- C; 15% 
apoB; 1% SBP; 
2% DBP; 32% 
hsCRP and 10% 
10-year CHD risk 
combined with a 
NCEP step-II 
dietary pattern

Chiavaroli et al. 
(2018)

Wang Vegetarian 2015 Yes 
(11)a

832 −0.36 mmol/l 
TC; −0.34 l 
mmol/l LDL-C; 
−0.10 mmol/l 
HDL-C; 
−0.30 mmol/l 
non HDL-C

Wang et al. 
(2015)
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Table 28.3 (continued)

Author Diet Year

MA 
(No of 
studies) N Results Ref.

Dinu Vegetarian 2017 Yes 
(10)b

– Association with 
a decrease of: 
25% in CHD 
mortality

Dinu et al. 
(2017)

Ramezani- 
Jolfaie

Nordic 2018 Yes 
(15)a

513 −0.38 mmol/l 
TC; 
−0.30 mmol/l 
LDL-C; 
−3.97 mmHg 
SBP; 
−2.08 mmHg 
DBP

Ramezani- 
Jolfaie, 
Mohammadi, 
and Salehi- 
Abargouei 
(2019)

Hu Low- 
carbohydrate

2012 Yes 
(23)a

2788 −2.7 mg/dl TC; 
−3.7 mg/dl 
LDL-C; +3.3 mg/
dl HDL-C; 
−14.0 mg/dl TG

Hu et al. (2012)

Gjuladin- 
Hellon

Low- 
carbohydrate

2019 Yes (8)a 1633 +0.08 mmol/l 
HDL-C; 
−0.13 mmol/l TG 
compared with 
low-fat diet

Gjuladin-Hellon 
et al. (2019)

Abbreviations: apo A-I apolipoprotein A1, apoB apolipoprotein B, BMI body mass index, CHD 
coronary heart disease, CHO carbohydrates, cIMT carotid intimamedia thickness, CVD cardiovas-
cular disease, DASH dietary approaches to stop hypertension, DBP diastolic blood pressure, FPG 
plasma glucose, HDL-C high density lipoprotein cholesterol, hsCRP high sensitivity C reactive 
protein, IS ischemic stroke, kg kilograms, LDL-C low density lipoprotein cholesterol, MA meta- 
analysis; MedDiet, Mediterranean diet; MI myocardial infarction, NCEP national cholesterol edu-
cation program, PWV pulse wave velocity, Ref. reference, SBP systolic blood pressure, SFA 
saturated fatty acid, T2D type 2 diabetes mellitus, TC total cholesterol, TG triglycerides
MA (No. of studies): This column shows if the evidence presented comes from a meta-analysis or 
not, with the number of studies included in each case in parentheses
aMeta-analysis of clinical trials
bMeta-analysis of observational studies

 Evidence-Based Medical Nutrition Therapy Recommendations

Recommendations from the 2019 Nutrition Consensus Report and a summary of 
these are enumerated in Table 28.4 [97]. These recommendations were also inte-
grated into the recent ADA Standards of Care in Diabetes [98].
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Table 28.4 Summary of major nutrition practice guideline (NPG) recommendations from the 
Academy of Nutrition and Dietetics Nutrition Practice Guideline for Type 1 and Type 2 Diabetes 
in Adults [97]

Diabetes NPG 
recommendation Rating

Fiber Encourage fiber from foods such as fruits, vegetables, whole 
grains, legumes, as recommended by DRIf (21–25 g/day for 
adult women and 30–38 g/day for adult men) or USDAg 
(14 g/1000 kcal) due to overall health benefits

Fair, 
imperative

GIh and GLi Advise that lowering GI or GL may or may not have a 
significant effect of glycemic control

Fair, 
conditional

Nutritive 
sweeteners

Educate that NSj when substituted isocalorically for other 
CHOs, will not have a significant effect on HbA1ck or 
insulin levels

Fair, 
imperative

Advise against excessive intake of NS to avoid displacing 
nutrient-dense foods and to avoid excessive caloric and 
CHO intake

Fair, 
imperative

Nonnutritive 
sweeteners

Educate that intake of FDAl-approved NNSm (such as 
aspartame, sucralose, and stevia) within recommended 
intake will not have a significant effect on glycemic control

Weak, 
imperative

Educate that substituting foods and beverages containing 
NNS can reduce overall calorie and CHO intake. However, 
other sources of calories and/or CHO in these foods and 
beverages need to be considered

Fair, 
imperative

Protein Educate that adding protein to meals and snacks does not 
prevent or assist in the treatment of hypoglycemia. Ingested 
protein appears to increase insulin response without 
increasing glucose levels

Fair, 
imperative

For adult with diabetic kidney disease, advise that a protein 
restriction is not needed. Protein intake (range = 0.7–2.0 g/
day) had no significant influence on glomerular filtration 
rate

Strong, 
conditional

For adult with diabetic kidney disease, advise that the type 
of protein (vegetable-based vs. animal-based) has no 
significant effect on glomerular filtration rate

Weak, 
conditional

Cardioprotective 
eating pattern

Encourage a cardioprotective eating pattern, within the 
recommended energy intake; decrease in saturated fat intake 
and increase in unsaturated fat shown to reduce total 
cholesterol and low-density lipoprotein cholesterol. 
Nonsignificant effect of differing amounts of saturated fat, 
unsaturated fat, and n − 3 fatty acids on glycemia and 
insulin levels

Strong, 
imperative

Sodium Individualized reduction in sodium intake. Recommendation 
to reduce to <2300 mg/day is appropriate. In context of 
hypertension, further reduction in sodium intake should be 
individualized

Fair, 
imperative
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Table 28.4 (continued)

Diabetes NPG 
recommendation Rating

Vitamin, mineral, 
and herbal 
supplementsn

Advise that there is no clear evidence from benefit of 
supplementation in people who do not have underlying 
deficiencies; routine supplementation with antioxidants, 
other micronutrients (such as chromium, magnesium, and 
vitamin D), and herbal supplements (such as cinnamon) not 
advised

Fair, 
conditional

Alcoholn When choosing to drink alcohol, advise moderation (1 drink 
per day or less for adult woman and 2 drinks per day or less 
for adult men). If using insulin or insulin secretagogues, 
alcohol can increase risk for delayed hypoglycemia

Weak, 
conditional

fFG fasting glucose
g To convert mg/dL glucose to mmol/L, multiply mg/dL by 0.0555. To convert mmol/L glucose to 
mg/dL, multiply mmol/L by 18.0. Glucose of 108 mg/dL¼6.0 mmol/L

hTC total cholesterol
iNS nonsignificant
jHDL-C high-density lipoprotein cholesterol
kTG triglycerides
lWt weight
mBDA British Diabetic Association
nCHO carbohydrate

 Goals of MNT for DM and ASVD Risk

A summary of Goals of Nutrition Therapy from the American Diabetes Association 
Standards of Medical Care in Diabetes [98] are as follows:

• To promote and support healthful eating patterns which emphasize a variety of 
nutrient-dense foods in appropriate portion-sizes to improve overall health and to 
attain individualized glycemic, blood pressure, weight, and lipid goals.

• To address individual nutrition needs based on personal and cultural preferences, 
health literacy and numeracy, access to healthful foods, willingness and ability to 
make behavioral changes, and barriers to change.

• To maintain the pleasure of eating by providing nonjudgmental messages about 
food choices while limiting food choices only when indicated by scientific 
evidence.

• To provide an individual with diabetes the practical tools for developing healthy 
eating patterns rather than focusing on individual macronutrients, micronutri-
ents, or single foods.
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 Personalized Nutrition Interventions

 Carbohydrates

No consensus exists on the optimal amount of carbohydrate for people with diabetes 
[92]. Table 28.5 outlines recommendations from the American Heart Association 
(AHA), ADA and the Institute of Medicine on macronutrient intake [99]. Dietary 
strategies range from very-low carbohydrate to moderate or high carbohydrate rec-
ommendations [91, 92]. Evidence-based research and current nutrition and diabetes 
care standards advocate a reduced (low to moderate) carbohydrate dietary pattern 
[19]. However, carbohydrate targets and dietary patterns should be individualized 
[98]. Carbohydrate counting may be achieved by utilizing information from labels 
and nutrition databases or by using 15-g carbohydrate food lists (exchange system) 
or the plate method for carbohydrate estimation.

Food groups with appreciable carbohydrate include grains, vegetables (starchy 
and non-starchy), fruit, dairy products (excluding cheese), beans, and legumes [93]. 
Carbohydrates provide many essential nutrients and glucose for energy and are con-
sidered an essential part of a diet for managing patients with diabetes. The total 
amount and type of carbohydrate consumed at meals and snacks has an impact on 
glycemia, weight, and ASCVD risk factors [92]. Typically, dietitians discern 
between nutrient-dense carbohydrate foods and those with refined sugars which are 
of little nutritional value. Whole grains, fruits, vegetables, and legumes typically 
contain beneficial nutrients such as fiber, protein, and higher vitamin and mineral 
content and have less caloric and glycemic impact than refined sugars and processed 
foods. Added refined sugars are also known to negatively impact weight, triglycer-
ide levels, and insulin action [91, 92].

Protein Protein is one of the three macronutrients which provide calories for the 
body and serves to enhance muscle strength and growth as well as influence satiety. 
Protein recommendations for DM and ASCVD revolve around balancing macronu-
trients after controlling for carbohydrate and fat. The recommended range of calo-
ries from protein are broad, and therefore should be individualized to the patients’ 
lifestyle and health considerations. The Recommended Daily Allowance for protein 
is 0.8 g/kg, and the general protein values from the dietary reference intake (DRI) 
show a wide range of total calories from protein (from 10 to 35%) or 0.8–1.5 g/kg 
body weight [93]. Research indicates that diets on the higher-end of the DRI Protein 
range (1–1.5 g/kg body weight or 20–35% kcals) may have benefits in managing 
blood glucose and achieving and maintaining weight loss without negatively impact-
ing renal function [100]. Other compelling research indicate that higher protein 
intakes up to 2.0  g/kg demonstrate positive changes in body composition and 
metabolism, attenuate muscle-mass loss during weight loss, and increase HDL cho-
lesterol [101].

The ADA and AND affirm that protein has been shown to increase insulin 
response without increasing plasma glucose concentrations and that somewhat 
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Table 28.5 Dietary Guidelines to reduce chronic diseasesa [99]

Nutrient IOM AHA ADA ACS

Carbohydrate 45–65% 
(≥130 g/
day)

(1) Consume a diet 
rich in vegetables and 
fruit

45–65%b, c 
(≥130 g/day)

(1) Eat ≥5 servings of a 
variety of vegetable and 
fruit each day

(2) Choose whole- 
grain, high-fiber 
foods

(2) Choose whole 
grains over refined 
grains

(3) Minimize intake of 
beverages and foods 
with added sugars

Protein 10–35% 
(0.8 g/kg)

(1) Use lean cuts of 
meat and remove skin 
from poultry

10–35% (≤20% if 
diabetic)

(1) Limit consumption 
of processed and red 
meats

(2) Consume fish, 
especially oily fish, at 
least twice a week

(2) Choose fish, 
poultry, or beans as an 
alternative to beef, 
pork, and lamb

Fat 20–35% 25–35%d 20–35%c NR
Linoleic acid 5–10% NR NR NR
α-Linolenic 
acid

0.6–1.2% NR NR NR

Saturated fat As low as 
possible

<7% Normolipidemic: 
<10%

NR

Hyperlipidemic: 
<7%

trans- 
Unsaturated 
fat

As low as 
possible

<1% As low as possible Consume as few trans 
fats as possible

Cholesterol As low as 
possible

<300 mg/day Normolipidemic: 
<300 mg/day

NR

Hyperlipidemic: 
<200 mg/day

Dietary fiber Women: 
25 g/day

Increase fiber intake 
by eating beans 
(legumes), whole- 
grain products, fruit, 
and vegetables

14 g/1000 kcal Increase fiber intake by 
eating beans (legumes), 
whole-grain products, 
fruit, and vegetables

Men: 
38 g/day

aIOM Institute of Medicine (1), AHA American Heart Association (2, 5), ADA American Diabetes 
Association (3, 6), ACS American Cancer Society (4), NR no specific recommendation
bWhole grains, fruit, vegetables, and low-fat milk as the primary sources
cCarbohydrate + monounsaturated fat should provide 60–70% of energy
dUse liquid vegetable oils in place of solid fats

higher intake levels (1–1.5 g/kg) are associated with a higher risk for renal impair-
ment. Recommendations suggest individualization of protein intake directives for 
persons with diabetes within the DRI [91]. MNT recommendations focuses on the 
protein source and meal composition as important factors for rather than absolute 
protein quantity. The USDA and the Health and Human Services Dietary Guidelines 
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2015–2020 emphasize more nutrient-dense (lean) protein sources including foods 
from both animal and vegetable sources such as seafood, meat, poultry, eggs, nuts, 
soy, and high-protein mixed macronutrient foods like reduced-fat dairy, beans, and 
legumes. Lean proteins are defined as (<2–3 g fat/serving), such as skinless, white 
meat poultry, fish, beans/legumes, lean cuts of beef such as sirloin steak, >90% lean 
ground beef, or tenderloin cuts of beef and pork.

The American Association of Endocrinologists (AACE) and the American 
College of Endocrinology (ACE) 2020 Consensus Statement also recommends 
plant-based eating for T2DM [94]. The RDN may suggest gradual introduction of 
meatless meals once weekly and/or provide simple recipes for dishes that incorpo-
rate beans, lentils, chickpeas, tofu or other soy meat substitutes.

General guidance regarding protein intake for persons with diabetes includes 
consuming carbohydrate food sources alongside protein foods (or choosing high 
protein CHO mixed foods) which mitigates the post-prandial blood glucose response 
and helps persons with diabetes attain greater satiation, especially when pursuing a 
caloric deficit [92]. Recommendations also note that consuming lean protein and or 
high-quality fat food sources in place of carbohydrate foods, particularly in place of 
low-quality CHO, can improve weight loss and the glycemic response [100].

 Dietary Fat

Fat plays many important roles within the body including serving as an efficient 
alternate energy source when glucose is limited [101]. Dietary fat intake influences 
DM and ASCVD in several ways. The food sources of fat (and carbohydrate) that 
we consume effect plasma lipids. LDL cholesterol is most influenced by saturated 
fatty acid (SFA) intake and is highly atherosclerotic; whereas HDL, from mono- and 
polyunsaturated fatty acids (MUFA/PUFA), has beneficial effects on blood choles-
terol levels and is considered to be anti-atherosclerotic. Elevated triglycerides may 
be related to intake of refined sugars as well as dietary saturated and transfat intake 
and contribute to the condition of fatty liver which exacerbates insulin resistance. 
Finally, trans fats are a highly detrimental form of fat that can trigger inflammatory 
markers, contribute to the onset and progression of atherosclerosis, and interfere 
with other important metabolic and cellular functions [102]. Food sources of satu-
rated fat include fatty meats, butter, cream/milk fat, cheeses made from whole milk, 
palm and coconut oil, and cocoa butter. Trans fat sources include hydrogenated oils 
found in commercial baked goods and deep-fried foods.

Mono and polyunsaturated fats positively influence amount of HDL vs. LDL 
cholesterol and are known to have anti-inflammatory properties for improved over-
all health and mitigation of disease risk when consumed in place of SFA [91]. 
Monounsaturated fats (MUFAs) contain one double-bond and are shown to reduce 
vascular inflammation and contribute to greater synthesis of HDL cholesterol par-
ticles vs. LDL. MUFA food sources include certain oils such as olive oil, canola, 
safflower/sunflower, as well as nuts and avocado [91].
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Polyunsaturated fatty acids (PUFAs) contain two or more double bonds and have 
the same benefits of the anti-inflammatory properties as MUFA. Within PUFA, two 
subgroups exist, omega-3 and omega-6 fatty acids (FA). Omega-3/6 FA are recog-
nized as being particularly pro-health, with omega-3 FA in particular having a sub-
stantial impact in reducing ASCVD and associated DM risk. Omega-3 FA include 
eicosapentaenoic acid (EPA), docosahexaenoic acid (DHA), and alpha-linolenic 
Acid (ALA). Food sources of omega-3 FA include flaxseed/oil, fatty fish such as 
salmon, sardines, mackerel and herring and soy foods (tofu/soybean oil), as well as 
walnuts, sunflower seeds, and oils with higher omega-3 PUFA content including 
flaxseed and cod liver oil. Physical activity from cardiovascular and resistance exer-
cises can significantly increase HDL and reduce LDL cholesterol, while assisting 
with weight loss and glycemic control [19]. Additionally, the vitamin niacin has 
been shown to be effective in increasing HDL cholesterol.

Eating plans such as the Mediterranean approach which replace foods high in 
saturated and trans fats with those rich in monounsaturated and polyunsaturated oils 
should be recommended.

For optimal outcomes in the management of T2DM and ASCVD risk factors, it 
is desirable to have lower levels of LDL cholesterol (<100 mg/dl for primary pre-
vention and <70  mg/dl in high risk patients), higher levels of HDL cholesterol 
(>40  mg/dl in men and >50  mg/dl in women), and moderate total cholesterol 
(<180 mg/dl) and triglyceride (TAGs) levels (<150 mg/dl). To achieve these targets, 
MNT aims to educate the person with diabetes on which food sources negatively 
impact blood lipids, weight, and overall health and which have a positive impact.

Fiber Fiber is a component in carbohydrate foods which provides many benefits 
when consumed in adequate amounts as a part of a healthy diet for management of 
DM and ASCVD.  Fiber, due to its structure, passes through our digestive tract 
mostly undigested and therefore has little to no impact on blood glucose. There are 
two major types of fiber from food: soluble fiber and insoluble fiber. Soluble fiber 
absorbs water in the gut and promotes feelings of fullness and satiety; additionally, 
soluble fiber binds with some cholesterol (including LDL) in the gut during transit 
and thereby has a positive effect on lowering cholesterol [100]. Insoluble fiber is not 
soluble in water and provides bulk or “roughage,” which during digestion can help 
increase bowel regularity and make stool easier to pass. Additionally, higher fiber 
content in complex CHO foods can delay the absorption of glucose into the blood 
stream and precipitate a more stable post-prandial glycemic response. These health 
properties are beneficial for weight loss and appetite control as well as managing 
blood glucose and ASCVD risk factors. As part of a diet for patients with Diabetes 
and ASCVD risk factors, 25–35  g of fiber are recommended from food sources 
containing soluble and insoluble Fiber [103]. MNT recommendations promote 
high-fiber food sources such as whole grains, vegetables, and fruits, nuts, and beans 
and legumes. These foods also contain other pro-health components such as vita-
mins, minerals, protein, and heart-healthy fats and are typically lower in calories 
than other food choices. Good sources of fiber have at least 3–5  g of fiber per 
serving.
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Omega-3 Supplement/Fish Oil Studies have shown that an adequate intake of 
omega-3 FA (FA) has a favorable effect on hypertension and blood vessel dysfunc-
tion and at therapeutic doses may reduce TAGs and reduce inflammation [100]. The 
omega-3 FA EPA and DHA are found mostly in fish oils (marine sources) whereas 
ALA omega-3 acids come primarily from plant sources such as flax, nuts, and veg-
etable oils. Studies show that marine fish oils EPA/DHA may have more significant 
impact on CVD risk factors and that standards diets do not provide enough [104]. 
Fish oil supplements in pill form are typically a blend of EPA/DHA. Studies show 
that fish oil may be most effective at lowering triglycerides (TAGs) vs. lowering 
LDL or raising HDL cholesterol [104]. A summary of research from the AHA sug-
gests that omega-3 FA supplementation from fish oil may be effective in lowering 
TAG in persons with levels above 500  mg/dl and that 4  g of prescription grade 
Omega-3 FA may lower TAG levels by 20–30% [104]. Medical Nutrition Therapy 
guidelines advise individuals to consume adequate omega-3 EPA and DHA from 
(fatty) fish, i.e. 2–3 servings per week and/or by following a Mediterranean diet pat-
tern [92].

Weight Management in MNT for Diabetes and ASCVD Excess adiposity and 
obesity play a role in the etiology of Insulin resistance of as well as in ASCVD risk 
factors and may negatively impact ability to perform physical activity, which in turn 
influences weight and disease outcomes [100]. Weight loss via a reduced caloric 
intake and/or caloric expenditure while maintaining a healthy eating pattern is rec-
ommended for persons with diabetes who are overweight or obese. A modest weight 
loss of 5–7% has been shown to have significant clinical benefits including improved 
glycemia, blood pressure, and lipids [92]. Greater improvements in glycemia and 
cardiovascular health are seen when weight loss of 10% or greater is achieved in 
individuals with morbid obesity (BMI > 40) [100]. Weight management guidelines 
indicate that there is no one dietary strategy superior for weight loss, rather any 
dietary intervention which provides a caloric deficit initially and which the indi-
vidual patient is likely to be able to follow long-term is best [91]. In MNT, RDs 
consider the physical and psychosocial status of the patient and collaborate with 
them to develop a dietary intervention which suits the patient’s goals, personal pref-
erences, and cultural background [19]. The RDN may advocate portion control, 
structured meal plans or meal replacements to aid with weight loss [100]. They also 
educate patients on healthy eating and personalized nutrition targets for weight loss, 
and advocate adherence and skill-building with self-monitoring strategies such food 
and physical tracking, goal setting, and meal-planning [19]. To achieve healthy 
weight loss which is generally defined as 0.5–2 lbs per week, it is appropriate to 
advise daily caloric deficits ranging between [−250–1000 kcals] [100].

These targets should be individualized based on patients’ current anthropomet-
rics, eating patterns, weight, health history, and personal preferences. General 
caloric estimates for nutritionally adequate weight loss are 1200–1500 kcals/day for 
women and 1500–1800 kcals/day for men [103]. The caloric deficit may be achieved 
through healthier food choices, portion control, diet patterns which restrict foods or 
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macronutrients, and/or an increase of caloric expenditure from physical activity [90, 
91]. RDNs coordinate with an interdisciplinary care team regarding successful 
weight loss outcomes for patients. The key team members may include behavioral 
health therapists, endocrinologists, and bariatric surgeons if surgical intervention is 
warranted.

Summary MNT involves a systematic process of assessment, diagnosis, interven-
tion, monitoring and evaluation according to the principles of the Academy of 
Nutrition and Dietetics’ Nutrition Care Process [91, 92]. RDs lead patient-centered, 
individualized, MNT for patients with T2DM and associated ACVD risk factors 
independently or as part of DSME-S programs [92]. The goals of MNT in patients 
with DM include attaining and maintaining: glycemic and cardiovascular targets, a 
healthy diet, as well as the adoption of behaviors which support lasting positive 
lifestyle change [91].

The cardioprotective dietary plan is one such that encompasses multiple dietary 
strategies for improved health [100]. The advised pattern of healthy eating includes 
a greater intake of fresh, high-fiber foods, and MUFA/PUFA fat sources and limit-
ing the intake of saturated fat, sodium, simple carbohydrates as well as high-fat 
meat and dairy products. Increased physical activity, smoking cessation, and calorie- 
control complete the advised plan. Ultimately, MNT led by RDs can help individu-
als with diabetes manage multiple DM and ASCVD risk factors through collaborative 
development of individualized nutrition and lifestyle plans which improve disease 
outcomes and lead to lasting health behavior change.

 Diabetes Technology

Diabetes is a medical condition requiring a high degree of self-management and 
daily decision making. Technological advances have given people with diabetes 
tools to help achieve and maintain optimal glucose control while relieving some of 
the burden. The use of technology in the management of diabetes has increased 
significantly, prompting The Endocrine Society to form a task force to set 
evidenced- based practice guidelines [105]. Similarly, the American Diabetes 
Association introduced diabetes technology as a section in its yearly Standards of 
Care Medical Care in Diabetes Guidelines [106]. The latest innovations are in the 
areas of insulin delivery, glucose monitoring, and the development of mobile 
applications.

Insulin delivery devices have expanded from vials and syringes to insulin pens 
which allow for simpler, portable, and more user-friendly insulin administration 
[107]. Newer “smart” or “connected” insulin pens have been on the market since 
2017, starting with Companion Medical’s launch of the InPen™ [108]. This blue 
tooth enabled pen device can be programmed to deliver a precise dose of insulin 
based on individual carbohydrate ratios, insulin sensitivity factor, target blood glu-
cose, and active insulin on board [108]. The inclusion of active insulin calculated 
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from a previous dose is particularly helpful to prevent stacking of insulin doses 
which can result in hypoglycemia. The device keeps track of all insulin and glucose 
data including timing of insulin in relationship to meals and insulin dose. It can be 
paired with a mobile application on a smartphone for convenient viewing of data 
[108]. Data is also transmitted to a personal cloud-based account allowing for 
review by the patient and, with permission, the provider. Reminders for meal and 
basal insulin doses can be set to improve adherence. This is an important feature as 
the hemoglobin A1C can rise by as much as 0.4% with only two missed doses in a 
7 day period [109].

Continuous subcutaneous insulin infusion (CSII) pumps became available in the 
1970s and have been transformed from large bulky devices to sleeker Bluetooth 
enabled insulin delivery systems [110].

A CSII pump delivers small doses of rapid acting insulin every few minutes and 
can be programmed to deliver variable amounts of basal insulin for different time 
blocks in a 24-h period, along with individualized carbohydrate ratios, sensitivity 
factor, and glucose targets while taking into account active insulin onboard.

Sensor augmented insulin pumps are newer version of insulin pumps [111], 
paired with a continuous glucose sensor and programmed to automatically reduce 
or suspend insulin delivery when a predetermined level of glucose is reached or 
predicted [110]. In 2013, Medtronic introduced the Minimed 530 G™ with the 
Enlite Sensor™ as the first sensor augmented pump on the market [110–112]. 
Tandem later came out with a sensor augmented pump called the T Slim X2 using 
Basal IQ™ software [113]. These pumps can be individualized by creating different 
programs for exercise or changes in workday and weekend schedules [110, 111].

Hybrid closed-loop systems are the latest version of insulin pumps, introduced as 
“artificial pancreas” systems [111]. These pumps are different from sensor aug-
mented pumps in that they will both reduce and/or increase basal rates based on 
predicted glucose sensor data. Medtronic released 670G insulin pump in 2017 and 
next generation Bluetooth enabled 770 G in 2020- both using a program called 
Smartguard™ Automode™ [114]. An updated version 780G which can deliver 
automated correction boluses is expected to be available by mid-2021. Tandem’s 
hybrid closed-loop systems, T Slim X2™ pump using Control IQ™ software was 
released in February 2020 [113]. This pump is further advanced in that in addition 
to adjusting basal rates it will also deliver an automatic insulin correction when 
glucose readings are predicted to be above 180 mg/dl [113]. The T Slim X2 insulin 
pump can be paired with the t:connect™ mobile app which allows viewing of real- 
time glucose and insulin data which is automatically uploaded hourly to a secure, 
cloud-based portal. Insulin delivery can be further individualized by setting an exer-
cise or sleep mode. The exercise mode will change the target glucose from 112 to 
140 mg/dl to reduce the risk of activity induced hypoglycemia. The sleep mode can 
be programmed by hour and day of the week with an algorithm that adjusts basal 
rates to keep glucose in the target range of 112 mg/dl [113]. The main advantage of 
this type of insulin delivery is to increase blood glucose time in target with fewer 
episodes of hypoglycemia [111].
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Personal continuous glucose monitors (CGM) were first introduced in 1999 as an 
adjunct to fingerstick blood glucose readings [115]. In 2018 the FDA approved the 
DexCom G6 CGM as a stand-alone device with no requirement for a confirmatory 
fingerstick blood glucose reading to make insulin dosing decisions [116]. These 
sensors are placed on the arm, leg or abdomen and measure glucose in interstitial 
fluid every 5 min. Glucose readings can be viewed in real time on a receiver, mobile 
phone or smart watch. This information allows for timely adjustments in insulin 
based on activity or food intake. This is of particular importance in identifying 
hypoglycemia, a risk when intensifying treatment to achieve BG target or for those 
with hypoglycemic unawareness [116]. Wearing a CGM has been shown to improve 
glycemic control, reduce incidence of hypoglycemia, and decrease diabetes distress 
[111, 112, 117].

Two real-time CGM devices are the G6 DexCom sensor™ [118] and the 
Medtronic Guardian™ Sensor [107]. These CGMs can be programmed with 
audible alarms triggered by both low and high blood glucose levels to allow for 
proactive treatment of hypoglycemia or hyperglycemia. Both can be used with a 
mobile phone application which allows for real-time display of glucose readings 
[114, 118]. In 2017 Abbot introduced the Freestyle LibreFlash™ and in 2020 the 
LibreFlash 2™ [119]. These CGMs record glucose levels every 5 min but must 
be scanned using a reader or smart phone in order to view glucose level [119]. 
One scan will record the previous 8 h of glucose data so scanning every 8 h will 
provide 24  h of continuous glucose data. Both can also be paired with the 
FreeStyle LibreLink tm mobile application for convenient glucose access on a 
smart phone [119]. Continuous glucose monitors provide real-time glucose 
trends and have greatly reduced the need to perform fingerstick blood glucose 
readings.

The information obtained from continuous glucose sensors has transformed the 
understanding of glycemic control beyond the quarterly hemoglobin A1C. New glu-
cose metrics include time in range (TIR) and the glucose management indicator 
[120]. In 2017 the concept of time in range (TIR) was proposed by the International 
Consensus on the Use of Continuous Glucose Monitoring [120]. It is defined as the 
percentage of time spent in the target glucose range of 70–180 mg/dl [120, 121]. 
ADA proposed that TIR should be adjusted based on diabetes type and duration, age 
groups and co-morbidities, hypoglycemic unawareness or pregnancy [120]. A per-
son without co-morbidities should achieve TIR of greater than 70% as this trans-
lates to an A1C of approximately 7% [120].

The Glucose Management Indicator (GMI) is based on 10–14 days of sensor 
data and calculates an estimated A1C based on the mean plasma glucose [120]. It is 
part of the Ambulatory Glucose Profile and is reported in the DexCom, Freestyle 
Libre, and Guardian 3 sensor reports [120]. Unlike the A1C, the GMI does not rely 
on the hemoglobin molecule so is not altered by factors that may affect the red 
blood cell turnover or glucose binding affinity such as anemia or the presence of a 
hemoglobinopathy [120, 122, 123]. Using these metrics along with the traditional 
A1C can guide more timely changes in diet, activity, and/or medication regimen 
(see Fig. 28.2).
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Fig. 28.2 Ambulatory Glucose Profile (AGP) [47]. Johnson ML, Martens TW, Criego A et al. 
Utilizing the Ambulatory Glucose Profile to Standardize and Implement Continuous Glucose 
Monitoring in Clinical Practice. Diabetes Technol Ther. 2019 Jun;21(S2):S217–S225. 
https://doi.org/10.1089/dia.2019.0034
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Technology has revolutionized diabetes management and can reduce the associ-
ated physical and emotional burden. Automated insulin pumps, continuous glucose 
sensors, and the use of mobile applications can improve diabetes self-management 
and help people with diabetes achieve and maintain glycemic targets [124–126]. 
The future is promising for further developments that will assist patients and pro-
viders toward optimal diabetes control.

 Smoking Avoidance and Cessation of Smoking

It is well established that active smokers with diabetes as well as individuals with 
diabetes exposed to passive smoke are at high risk for cardiovascular disease, pre-
mature death, microvascular complications as well as poor glycemic control [127, 
128]. Though studies have clearly shown an increased risk of diabetes occurring 
after smoking cessation due to weight gain [129, 130], a recent large prospective 
cohort study demonstrated that when smoking cessation is accompanied by substan-
tial weight gain, there is a short-term increased risk of developing type 2 diabetes 
but this does not mitigate the benefits of smoking cessation on reducing cardiovas-
cular and all-cause mortality [131]. This study also demonstrated further evidence 
that improving diet quality and increasing physical activities assist those who are 
trying to stop smoking to achieve their weight maintenance goals. This finding of a 
reduction in cardiovascular mortality after smoking cessation is concordant with 
other studies [132, 133]. Most excess cardiovascular risk is known to be eradicated 
within the first few years after smoking cessation [134].

Multiple studies have also implicated smoking as a possible risk factor for the 
development of type 2 diabetes [129, 135–137]. Studies have shown that active 
smoking is associated with a 40% increased risk of incident type 2 diabetes [129, 
137]. This association was found to be graded and independent of confounding fac-
tors. In a meta-analysis across 25 prospective cohort studies, the risk of developing 
diabetes was greatest for heavy smokers (>1 pack per day; relative risk 1.61) com-
pared with lighter smokers (relative risk 1.29) or former smokers (relative risk 1.23) 
[138]. In one study, exposure to passive smoke (second-hand smoke) was also asso-
ciated with an increased risk of diabetes [137].

Possible biological mechanisms for this strong association include studies that 
show smoking contributes to insulin resistance, impaired insulin secretion as well as 
an impaired response to an oral glucose load [138, 139]. Smoking has been associ-
ated with greater abdominal fat deposition and a higher waist to hip ratio and this 
may explain the impaired response to an oral glucose load [131]. Smoking has also 
been linked to chronic pancreatitis and pancreatic cancer which has been thought 
possibly related to a toxic effect of nicotine or other components of smoke on the 
pancreatic beta cells [140]. However, there are also plausible non-causal explana-
tions for the association between smoking and incident diabetes as smoking is often 
associated with other unhealthy lifestyle behaviors that predispose patients toward 
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weight gain and diabetes such as inadequate physical activity, excessive alcohol 
intake, and a poor diet [141, 142].

Given the morbidity and excess mortality associated with smoking and diabetes, 
the ADA guidelines emphasize routine and comprehensive evaluation and assess-
ment of tobacco use as critical to prevent smoking and promote smoking cessation 
[19]. If smoking or e-cigarette use is identified, smoking cessation counseling as 
well as other forms of treatment are strongly advised [19]. Pharmacologic treatment 
has been shown to be effective in helping to promote smoking cessation [143]. In 
motivated patients, combined counseling and pharmacologic therapy has been 
shown to be superior to either method alone [144]. Positive lifestyle measure such 
as an improvement in diet quality and an increase in physical activities help those 
who are trying to stop smoking minimize weight gain [131]. Long-term smoking 
cessation trials have demonstrated the benefits of increasing physical activities on 
minimizing weight gain after quitting smoking [145, 146].
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Chapter 29
Treatment: Lifestyle and Medication

Ahmed Khan and Osama Hamdy

 Introduction

Type 2 Diabetes (T2D) is often associated with overweight or obesity. Exercise, 
dietary intervention, and behavior modifications are strongly recommended for 
patients with type 2 diabetes and have been associated with significant improvement 
in insulin sensitivity, endothelial function, and improvements in several markers of 
inflammation and coagulation.

 Weight Management in Patients with Type 2 Diabetes 
and Obesity

 Weight Management: A Clinical Approach

Obesity and T2D are two pathologic conditions that are strongly related. Management 
of both diseases requires a multidisciplinary approach in which the initial step is 
recommending lifestyle modifications. Many primary care physicians struggle to 
address or implement lifestyle modifications for their patients, ultimately leading to 
the initiation and then intensification of diabetes pharmacotherapy. An unfortunate 
side effect of some of the most commonly used antihyperglycemic agents is weight 
gain leaving patients in a detrimental cycle between regulating their body weight 
and controlling their diabetes.
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Conversely, a 7% reduction in body weight through lifestyle interventions 
showed a significant increase in insulin sensitivity. The Diabetes Prevention Program 
(DPP) demonstrated that weight loss over a period of 3 years helped individuals 
with pre-diabetes and obesity to reduce the risk of developing type 2 diabetes by 
58%. Also, the Action for Health in Diabetes (Look AHEAD) study reported that 
lifestyle modification improved glycemic control in addition to lowering body 
weight among patients with type 2 diabetes. Participants in the lifestyle intervention 
arm of the look AHEAD study also showed that they were on fewer medications for 
diabetes, hypertension, and dyslipidemia, had fewer hospitalizations, and reduced 
risk for chronic kidney disease and depression when compared to the control arm of 
the study.

 Multidisciplinary Approach to Weight Management

Multidisciplinary weight management is recommended by most medical societies 
for patients with obesity and type 2 diabetes. Data from the National Weight Control 
Registry showed that narrow approaches to weight management are rarely effective 
but that a broader, multifaceted approach is more sustainable.

In 2005, The Weight Achievement and Intensive Treatment Program (Why 
WAIT) of the Joslin Diabetes Center was created as an effective multidisciplinary 
model for weight management in real-world clinical practice for patients with dia-
betes and obesity. The program comprises 12 weeks of intensive lifestyle interven-
tion during which participants are engaged in weekly group intervention followed 
by monthly follow-up sessions to help them maintain weight loss for the long term 
(Fig. 29.1).

 Components of Multidisciplinary Approach

 Medication Adjustment

Many of the currently used antihyperglycemic medications are known to cause 
weight gain (e.g., insulin, sulfonylureas, glinides, and thiazolidinediones). For opti-
mal weight reduction through a multidisciplinary approach, healthcare providers 
should reduce, substitute, or even stop, whenever possible, these medications at the 
beginning of the weight management program. They may be substituted with medi-
cations that are weight neutral or by those that enhance weight loss (e.g., metformin, 
DPP-4 inhibitors, α-glucosidase inhibitors, GLP-1 analogs, SGLT-2 inhibitors, and 
pramlintide). Furthermore, approved anti-obesity medications (e.g., naltrexone/
bupropion, topiramate/phentermine, liraglutide, or semaglutide) are encouraged for 
certain patients to control their appetite. Patients on insulin may be switched to 
long-acting insulins that induce less weight gain (e.g., insulin detemir, insulin 
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Healthcare Provider
(MD, NP, PA, CDE)

Medication adjustment
during weight reduction

Registered Dietitian
(RD)

Structured nutrition plan
and coaching

Psychologist or
Behavioral Therapist
Cognitive behavioral
support and coaching

Exercise Physiologist
(EP)

Individualized exercise
plan and coashing

If all fails after 6 months
of intervention

Bariatric Surgery

Multidisciplinary
Weight

Management

Fig. 29.1 The multidisciplinary approach to weight management in patients with type 2 diabetes 
and obesity

degludec, and insulin glargine U-300). To avoid unnecessary food consumption to 
match a presumed insulin dose, patients may be advised to administer short-acting 
insulin immediately after meals or within 20 min of starting their meal. Two insulins 
are FDA-approved for postprandial injection: insulin glulisine and fast-acting insu-
lin aspart in a formulation with a form of vitamin B3 (niacinamide). In this perspec-
tive, patients are educated on injecting insulin based on what was eaten rather than 
on what they had assumed would be eaten. This technique may reduce mealtime 
insulin doses and consequently lessen the weight-gaining effect of insulin. Close 
monitoring of blood glucose levels is especially important during weight loss. 
Patients are advised to use a continuous glucose monitor or to check their blood 
glucose levels 5–8 times daily: before meals, before and after exercise, and at bed-
time. Blood glucose logs should be reviewed weekly during the intensive period of 
weight management by healthcare providers including physicians, nurse practitio-
ners, physician assistants, or certified diabetes nurse educators. Antihyperglycemic 
medications should be titrated accordingly to prevent hypoglycemia during weight 
reduction. The occurrence of hypoglycemia with weight loss as the result of 
improved insulin sensitivity can be a barrier to progressive weight loss and should 
be avoided even by preemptive medication reduction if blood glucose is within the 
target range (Table 29.1).
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Table 29.1 Adjustments of diabetes medication during multidisciplinary weight management in 
patients with type 2 diabetes and obesity

List A List B
Weight gain

Weight neutral Weight lossSignificant Modest

Pioglitazone Sulfonylureas
– Glimepride
– Glipizide XL

GLP-1 analog
– Exenatide
– Exenatide ER
– Liraglutide
– Dulaglutide
– Semaglutide
– Oral-Semaglutide

Sulfonylureas
– Glyburide
– Glipizide

Glinides
– Repaglinide
– Nateglide

DDP-4 
Inhibitors
– Sitagliptin
– Saxagliptin
– Linagliptin
– Alogliptin

Insulin
– NPH
– Glargine
– Regular
– Aspart
– Lispro
– Glulisine

Insulin
– Detemir
– Degludec
– Glargine 
U-300
– Glulisine (PP)
– Aspart (PP)

α-Glucosidase 
inhibitor
– Acarbose
– Miglitol
Colesevelam

Pramlintide
SGLT-2 inhibitors
– Canagliflozin
– Dapagliflozin
– Empagliflozin
– Ertugliflozin

Bromocriptine
Adjustments Stop, reduce, or switch Continue Add

 Nutrition Therapy

Before insulin discovery, dietary intervention was the corner stone of diabetes man-
agement. At that time, clinicians relied solely on carbohydrate restriction within a 
hypocaloric diet to manage hyperglycemia. However, nutrition therapy was quickly 
sidelined after the introduction of insulin therapy in 1921. Over the last two decades, 
supervised nutrition therapy became one of the most effective methods of diabetes 
and weight management. We recently tested, in a randomized clinical trial, the 
effects of different models of nutrition therapy on A1C and body weight in patients 
with T2D and obesity. Our study showed that a structured dietary plan delivered by 
a registered dietitian (RD) was superior to the currently recommended personalized 
dietary plan in improving glycemia and body weight. Structured nutrition plans 
include menus, snack lists, and diabetes-specific formulas. Over 16 weeks of inter-
vention, the use of a structured meal plan, either alone or in combination with 
weekly phone support by RD, resulted in reduction of A1C by −0.66% (95% CI 
−1.03 to −0.30) and −0.61% (95% CI −1.0 to −0.23), respectively. It also reduced 
body weight by −3.49 kg (95% CI −4.93 to −2.05) and −2.93 kg (95% CI −4.45 to 
−1.42), respectively. In contrast, patients given an individualized meal plan did not 
show significant change in A1C or body weight from baseline.
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Proper nutrition therapy usually starts by an RD evaluating potential participants. 
This evaluation includes review of dietary history and/or 24-h dietary recall and 
review of adherence to dietary recommendations during previous attempts of weight 
management. It also includes identification of potential barriers for following a 
nutrition plan. Each participant should receive a hypocaloric meal plan rounded to 
the nearest 1200, 1500, or 1800 kcal level for ease of application based on their 
gender, height, and previous energy intake. In the Look AHEAD study, participants 
whose weight was over 250 lbs at baseline were put on a 1500–1800 cal diet plan, 
and those whose weight was less than 250 lbs were put on a 1200–1500 cal diet 
plan. In Why WAIT, men are put on 1800 cal diet plans and women on 1500 cal diet 
plans. If target weight loss is not achieved within 6 weeks, the dietary plan is 
advanced to 1500 and 1200 cal, respectively. Women who are shorter than 150 cm 
are initially put on 1200 cal diet plans. Structured meal plans provide approximately 
40–45% of daily energy intake from carbohydrates with 14 g of fiber per 1000 cal, 
<35% from fat with <10% from saturated fat, and 1–1.5  g/kg of adjusted body 
weight from protein. Effective dietary plans do not calculate protein intake as a 
percentage of the total calories consumed to avoid unintended reduction in absolute 
protein intake in a hypocaloric diet. Reduction in absolute protein intake may accel-
erate lean muscle loss during weight reduction. Minimizing loss in lean muscle 
mass during weight management is essential for long-term maintenance of 
weight loss.

 Exercise Therapy

For better long-term results, an exercise physiologist (EP) develops a personalized 
exercise plan for each patient based on the individual’s age, gender, health status, 
and exercise capacity. In clinical practice, exercise capacity may be tested by a 
simple method such as the 6-min walk test. The typical 150 min/week of aerobic 
exercise or 10,000 steps per day improves fitness but it is not enough for weight 
reduction or for maintenance of weight loss. Effective exercise intervention for 
weight management should include a balanced mix of aerobic (endurance) exercise 
to promote cardiovascular health, resistance (strength) exercise to maintain muscle 
mass, and flexibility (stretch) exercise to enhance functional capabilities and reduce 
risk of injury. Exercise plans may progress gradually over 12–24 weeks from 20 
min/day for 4 days/week to 60 min/day for 5–6 days/week. After completing the 
initial intensive phase, participants are usually encouraged to continue to exercise 
for 60 min/day, 5–6 days/week and maintain ≥300 min per week with an emphasis 
on resistance training to maintain muscle mass. Resistance training is especially 
important since diabetes is known to worsen sarcopenia (muscle loss that frequently 
occurs with aging). Short bouts of exercise of 10 min each distributed during the day 
were shown to be more sustainable and were associated with similar benefits seen 
with longer exercise sessions. Use of different exercise methods like circuit and 
interval training reduce boredom and increase the duration of exercises. Exercise is 
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particularly important after the intensive phase of weight management as it helps to 
maintain the weight loss achieved during the intensive period.

 Cognitive Behavioral Support

The ability to maintain long-term dietary and exercise modifications relies heavily 
on patients’ mental and motivational status, which should be addressed through 
cognitive-behavioral therapy (CBS). Clinical psychologists, behavioral therapists, 
or social workers are ideal coaches in leading behavioral support sessions, which 
can be individual or within group settings. Sessions incorporate typical components 
of CBS, which include behavioral goal setting, self-monitoring of eating and exer-
cise, stimulus control techniques, cognitive restructuring, assertive communication 
skills, and prevention of relapse. This model was used in the DPP, Look AHEAD 
study, and Why WAIT program, where it was described in detail.

 Use of Digital Health for Scalable Application of Lifestyle Intervention 
in Patients with Diabetes

Because of the comprehensive nature of the multidisciplinary approach to weight 
management, access to such programs may be limited to few patients due to cost or 
lack of specialized healthcare providers. Mobile phone applications can deliver a 
diabetes-specific multidisciplinary weight management program at lower cost and 
with greater accessibility to patients. Currently, over 28,000 smartphone applica-
tions focusing on weight management through diet and exercise tracking exist, 
many of which have already demonstrated their capacity to improve body weight 
and health outcomes in people with diabetes. However, current mobile phone appli-
cations include, on average, less than 19% of behavioral strategies used in evidence- 
based lifestyle intervention programs. In particular, strategies for educating patients 
during their weight management, providing motivational support, reducing stress, 
and assisting patients with health decision-making have been overlooked. With the 
introduction of evidence-based design and the integration of blood glucose monitor-
ing systems, mobile health applications present an opportunity for improved acces-
sibility and scalability of weight management interventions.

 Bariatric Surgery

Bariatric surgery is increasingly used for obesity management in patients with 
diabetes. It should be considered as a valid option for patients with T2D and class 
2 and 3 obesity who are unable to reduce their body weight after 6 months of inten-
sive lifestyle intervention. Bariatric surgery, especially Roux-en-Y gastric bypass 
(RYGB), is a drastic procedure but frequently results in long-term weight loss. 
Studies have shown that among patients with T2D, bariatric surgery improves 
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glycemic control and reduces requirements of antihyperglycemic medications. 
Bariatric surgery may induce partial or complete remission from T2D for several 
years. The recent and more popular sleeve gastrectomy procedure carries fewer 
complications than RYGB surgery. A recent study demonstrated a synergistic 
effect of completing a multidisciplinary weight management program before 
receiving RYGB compared to receiving RYGB alone. Serious side events like 
severe hypoglycemia and severe postural hypotension are not uncommon after 
RYGB and may require revision of surgery. A similar procedure called endoscopic 
sleeve gastroplasty can be done through a gastric endoscopy, eliminating the need 
for laparoscopic approach. The least effective bariatric surgery for long-term 
results in patients with T2D is laparoscopic adjustable gastric banding (LAGB). 
Over the last few years, US bariatric surgeons started to prefer sleeve gastrectomy 
over other types of bariatric surgery for its better results and limited complications. 
Comparison between intensive medical and surgical interventions favored surgery 
for the magnitude of weight reduction, but the overall quality-of-life measures 
improved more significantly with non-surgical intervention. Changes in A1C were 
similar after 1 year between the Why WAIT medical intervention method 
and LAGB.

 Weight Management in Patients with Type 1 Diabetes 
and Obesity

 Introduction

In the past 20 years, the prevalence of obesity has tripled worldwide, to the extent 
that it is now being considered an epidemic. Although patients with type 1 diabetes 
(T1D) have traditionally been thought to have lower BMI, current research has 
shown otherwise. The trend of increasing obesity prevalence has increased at a 
faster rate in patients with T1D compared to the general population. Currently, 
around 50% of patients with T1D are either overweight or obese. They also have 
higher waist and hip circumferences when compared to healthy controls. In the 
Pittsburgh Epidemiology of Diabetes Complications (EDC) Study, which followed 
adult patients with T1D for an average of 18 years, prevalence of overweight 
increased from 29 to 42% and prevalence of obesity increased sevenfold from 3 to 
23%. Weight gain appeared to be unrelated to aging and instead related to clinical 
factors such as insulin therapy. Comorbidities, often associated with excess body 
weight, reduce the benefits of good metabolic control. Thus, controlling body 
weight in patients with T1D is necessary due to the well-known relationship between 
obesity and cardiovascular disease (CVD). Metabolic abnormalities related to obe-
sity, such as the pro-inflammatory state, are likely to modify CVD risk in this popu-
lation. So far, complications related to CVD have been the leading cause of mortality 
in patients with T1D.
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 Mechanisms of Weight Gain

 Insulin Therapy

Insulin is anabolic hormone that plays a role in inhibiting protein catabolism, stimu-
lating lipogenesis, and slowing basal metabolism, resulting in increased fat accumu-
lation. Inhibiting protein catabolism is another anabolic process, in which weight 
gain may also occur through an increase in lean body mass. These effects are 
enhanced by exogenous insulin administration, since exogenous insulin imperfectly 
mimics endogenous secretion. While endogenous insulin has its first pass to the 
liver through the portal vein to suppress gluconeogenesis, exogenous insulin circu-
lates systemically first and disproportionately affects muscle and adipose in com-
parison to the liver.

 Intensity of Insulin Therapy

Intensity of insulin treatment influences weight gain as shown in the Diabetes 
Control and Complications Trial (DCCT), where patients on intensive insulin ther-
apy gained an average of 4.6  kg over 5 years, which is significantly more than 
patients in the study’s conventional arm. In that study, participants treated with 
intensive insulin therapy administered insulin either by multiple daily injections 
(MDI) or through continuous subcutaneous insulin infusion (CSII) by insulin 
pumps. Participants on conventional therapy administered one to two daily injec-
tions of intermediate and rapid-acting insulin, usually with no daily adjustments. 
Weight gain was observed in the intensive insulin therapy cohort as a whole, regard-
less of MDI or CSII administration. Similarly, a meta-analysis comparing multiple 
outcomes in adults with T1D using either MDI or CSII found no difference in 
weight gain. Despite weight gain, intensive insulin treatment is the standard of care 
because of its strong clinical benefits such as reduction of glycated hemoglobin 
(A1C) and reduction of long-term microvascular complications. Part of weight gain 
in association with intensive insulin therapy in T1D has traditionally been seen as 
normalization of weight by correcting for glycosuria, diuresis, and catabolism. It 
was also noted that moderate weight gain did not negatively affect cardiovascular 
risk profile when associated with improved glycemic control. This furthers the point 
that weight gain in patients with T1D on intensive insulin therapy is complex and 
multifaceted, but thus far a healthy balance must be reached.

 Double Diabetes

Double diabetes is a new term used to describe patients with T1D who also show 
clinical signs of type 2 diabetes (T2D) such as obesity and insulin resistance (IR). 
With the rising rates of overweight and obesity among patients with T1D, there are 
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no longer clear divisions between the two major diabetes subtypes except at time of 
diagnosis, as the disease appears to behave as a continuum with the two components 
of its etiology, insulin deficiency, and IR. Double diabetes tends to occur when the 
pro-inflammatory state associated with metabolic syndrome leads to reduced glyce-
mic control, eventually requiring higher daily doses of insulin. Increasing insulin 
dosage due to IR can lead to further weight gain, thus exacerbating the weight prob-
lem. Patients with T1D who are overweight or obese are at a greater risk of develop-
ing double diabetes due to their significantly elevated levels of osteopontin (OPN). 
OPN is a sialoprotein associated with normal physiological processes as well as 
autoimmune disease and has been demonstrated to induce adipose tissue inflamma-
tion, increase pro-inflammatory cytokine release, and promote development of 
IR. Fortunately, weight loss reduces circulating OPN concentrations. Double diabe-
tes is a cyclical mechanism of weight gain and IR that should be recognized and 
treated early.

 Physical Inactivity

Increased physical activity to enhance weight loss is widely accepted, but adults 
with T1D tend to partake in less physical activity than adults without diabetes. The 
main barrier to physical activity reported is fear of severe hypoglycemia. Although 
this is a clear psychological barrier, it is also a valid concern since hypoglycemia is 
the most common adverse event of physical activity in patients with 
T1D. Hypoglycemia may occur during or up to 24 h after activity. To prevent hypo-
glycemia, patients usually reduce their insulin dose before exercise, but this strategy 
can only be used when exercise is planned in advance. An additional drawback is 
that patients try to keep their blood glucose higher before exercise in order to main-
tain proper glycemic profile during and after exercise. They do that by increasing 
consumption of carbohydrates before and during exercise, which results in increased 
energy intake and consequent weight gain.

 Weight Management in Type 1 Diabetes

 Nutrition Therapy

The American Diabetes Association recommends weight loss for all overweight or 
obese individuals with diabetes or at risk for diabetes. Many nutrition-based 
approaches for weight loss have been studied in individuals with or without diabe-
tes, but very few studies were specific to patients with T1D. For patients with T2D, 
certain macronutrient compositions such as low-carbohydrate or low-fat calorie- 
restricted diets and different eating patterns including Mediterranean and vegetarian 
dietary plans were shown to be successful for up to 2 years. In a 2-year study com-
paring low-carbohydrate, low-fat, and Mediterranean dietary plans in obese 
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participants, mean weight loss was 2.9  kg in the low-fat group, 4.4  kg in the 
Mediterranean diet group, and 4.7 kg in the low-carbohydrate group. Among the 36 
participants with T2D in the study, the Mediterranean diet, which is rich in vegeta-
bles and healthy fats and low in red meat, was the most favorable for changes in 
fasting plasma glucose and insulin levels. The low-carbohydrate diet resulted in the 
greatest A1C reduction of 0.9% over 2 years. Plant-based vegetarian or vegan diets 
and the Dietary Approaches to Stop Hypertension (DASH) diet have also been 
shown to induce weight loss and modest improvements in diabetes management. 
The low-fat vegan diet, devoid of all animal products, was associated not only with 
sustained weight reduction but also with reductions in total cholesterol and LDL- 
cholesterol in comparison to a cohort following the American Diabetes Association 
guidelines. In a similar study, participants on a vegan diet had a decrease in A1C, 
attributed to loss of visceral fat. Less restrictive vegetarian diets also promoted 
weight loss and reduced A1C. The DASH diet, emphasizing vegetables, fruit, low- 
fat dairy, nuts, seeds, and whole grains while limiting meat, poultry, eggs, and oils, 
has shown beneficial effects on body weight, total and LDL-cholesterol, and insulin 
sensitivity.

Although these dietary plans, with different macronutrient compositions, have 
been shown to induce significant weight loss, the American Diabetes Association 
has determined in its position statement that there is no ideal macronutrient compo-
sition for meal plans. Current recommendations state that patients with diabetes 
should work with nutritionists to develop individualized eating plans based on the 
patient’s metabolic status, life circumstances, and food preferences.

Regardless of macronutrient breakdown, total energy intake must be appropriate 
to the weight management goal. However, there are distinctions to be made in the 
quality of macronutrients and how they affect CVD risk factors and glycemic 
parameters. For carbohydrate consumption, intake of dietary fiber has been inversely 
associated with all-cause mortality in diabetes, while high glycemic load and sugar 
intake were associated with increased mortality. In patients with T1D, meals with 
the same carbohydrate content but different glycemic indices produced significant 
differences in postprandial blood glucose, with low GI meals producing a 20% 
lower glycemic response than high GI meals. For protein consumption, diets con-
taining leaner sources of protein such as chicken and soy result in more favorable 
lipid profiles than diets containing red meat. For fat consumption, type and source 
of fat are more important than the percentage or total amount of fat. Diets contain-
ing foods high in monounsaturated fatty acids, such as extra-virgin olive oil and 
nuts, decreased CVD risk and should therefore replace saturated and trans fatty acids.

 Increased Physical Activity and Exercise

Although weight loss can be achieved with only restriction of energy intake, increas-
ing physical activity and incorporating exercise training into a weight loss plan lead 
to greater loss of fat mass and preservation of lean muscle mass compared to energy 
restriction alone. Additionally, there are metabolic benefits to partaking in physical 
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activity for weight loss. In patients with T1D, physical activity has been shown to 
decrease cardiovascular risk and mortality, in addition to improving lipid profile and 
endothelial function. In patients with T2D, physical activity improves insulin sensi-
tivity. As explained earlier, IR is not unique to those with T2D, as patients with T1D 
tend to be more insulin resistant than their counterparts without diabetes. Therefore, 
the benefits of exercise on insulin sensitivity are pertinent to this population, espe-
cially in those who are overweight or obese.

Highly variable data exists as to what type of physical activity is best suited for 
weight reduction. Resistance training alone is associated with fat loss but has a 
minimal effect on the overall weight loss. Even when resistance therapy is com-
bined with aerobic training, this seems to lead to a similar amount of weight loss as 
aerobic training alone. One study showed that aerobic exercise was shown to lower 
visceral adipose tissue to a greater extent than progressive resistance training when 
compared to control groups. However, the major benefit of resistance exercise is to 
preserve lean muscle mass during weight loss. This is especially important since 
patients with diabetes have progressive lean muscle loss as they age.

In terms of exercise intensity, some studies have shown that high intensity inter-
val training (HIIT), consisting of repeated bursts of rigorous exercise immediately 
followed by low intensity recovery, can lead to significant reductions in abdominal 
fat. However, other evidence showed that while this approach is time efficient, it is 
no more effective than continuous moderate aerobic exercise in promoting fat loss. 
This supports the observation that rigorous and moderate intensity aerobic training 
results in similar amounts of weight loss when intensities of physical activity are 
matched in energy expenditure. Patients can partake in the type of physical activity 
they find most suitable as long as their energy expenditure is in line with their 
weight loss goals. Risk of hypoglycemia during or after exercise can be minimized 
if blood glucose is closely monitored before, during, and after exercise, and indi-
vidual adjustments in insulin or food intake are made. Patients with T1D should be 
safely able to participate in aerobic or weight-based physical activities if appropri-
ate pre-exercise measures are taken.

 Medications

 Insulin

Adjustment of insulin treatment to facilitate weight reduction has been suggested. 
Long-acting insulin creates a pattern of 24-h hyperinsulinemia, which stimulates 
lipogenesis and inhibits lipolysis. Long-acting insulin such as NPH and glargine 
induce weight gain in patients with T1D. If long-acting insulin is indicated, insulin 
detemir, insulin degludec, and insulin glargine U300 are preferred as they cause less 
weight gain compared to NPH or insulin glargine U100. To minimize the hypogly-
cemic risk and the unnecessary consumption of extra calories, it is better to admin-
ister short-acting insulin immediately after meals or within 20 min from the start of 
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the meal. This gives patients the ability to calculate the short-acting insulin dosage 
based on the food that they actually consumed and not on what they presumed to 
eat. In patients with T1D, insulin glulisine is preferred in such scenarios due to its 
faster onset of action.

 Metformin

Metformin is a potent anti-hyperglycemic agent used to treat T2D; however, several 
studies used metformin alongside intensive insulin therapy to treat patients with 
T1D and obesity. In a recent randomized control trial, patients with T1D using met-
formin had significant improvements in body weight and lipid profile over 3 years. 
While there was an initial reduction in A1C over the first 3 months of using metfor-
min, this improvement was not maintained for over the next 33 months. However, 
these patients had a significant reduction in insulin dose requirements which is 
explained by metformin’s action as an insulin sensitizer. So far, US Food and Drug 
Administration (FDA) has not approved metformin for use in patients with TID.

 Glucagon-Like Peptide-1 (GLP-1) Analogs

GLP-1 is an incretin hormone that is involved in both peripheral and central path-
ways mediating satiation. GLP-1 analogs are currently used to treat T2D and obe-
sity. They reduce appetite and slow gastric emptying and thus reduce body weight 
and body fat by lowering energy intake. Their use in patients with T1D resulted in 
significant weight reductions in overweight and obese patients. However, improve-
ment in glycemic control did not reach statistical significance in trials using active 
comparators. Liraglutide, a GLP-1 analog, in conjunction with insulin has been 
shown to improve glycemic control and induce weight loss in patients with T1D. It 
was also found to reduce insulin dose. While it is not approved for patients with 
T1D, its higher doses (2.4 and 3 mg/day) can be used to treat obesity. In a crossover 
study, exenatide treatment reduced postprandial plasma glucose but did not change 
A1C in patients with T1D. Another study showed that adding once weekly exena-
tide to insulin therapy significantly improved A1C, body weight, BMI, and reduced 
insulin doses. Currently, all GLP-1 analogs are not FDA-approved for use in patients 
with T1D.

 Amylin Analog

Pramlintide is an injectable, synthetic form of human amylin. Amylin is a beta-cell 
hormone co-secreted with insulin and is nearly absent in patients with T1D. Amylin 
regulates blood glucose by slowing gastric emptying, suppressing glucagon secre-
tion, and suppressing appetite to decrease food intake. Injecting pramlintide before 
meals in patients with T1D improves A1C, decreases postprandial blood glucose 
level, reduces insulin need, and induces weight loss.
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 Sodium–Glucose Transporter-2 (SGLT-2) Inhibitors

This new class of medications reduces blood glucose by inhibiting glucose reab-
sorption in the proximal convoluted tubules of the nephrons. Excretion of glucose in 
urine reduces body weight in addition to reducing A1C.  Recent studies showed 
cardiovascular benefits of three medications from this class; empagliflozin, dapa-
gliflozin, and canagliflozin. Several studies were performed in patients with T1D 
showing reduction in plasma glucose and body weight but with increased incidence 
of ketoacidosis. Currently, this drug class is only FDA-approved for use in patients 
with T2D.  Dual SGLT-1 and SGLT-2, sotagliflozin, was investigated for use in 
patients with T1D but was not granted FDA approval.

 Anti-obesity Medications

There are four new anti-obesity medications approved recently by the US FDA 
(topiramate/phentermine, naltrexone/bupropion, liraglutide, and semaglutide). All 
of them plus the older medications like Orlistat and Phentermine are effective for 
weight loss with variable efficacy and side event profiles. No studies using these 
medications were specifically conducted in patients with T1D. However, these med-
ications showed reduction in A1C and number or doses of diabetes medications in 
patients with T2D. It is not clear if this effect is related to weight loss or it is specific 
to the mechanisms of action of these medications.

 Bariatric Surgery

Several case series have been reported in obese patients with T1D showing reduc-
tions in body weight and insulin doses as well as a modest reduction in A1C.

A study that compared the effects of bariatric surgery in patients with T2D and 
T1D diabetes found that surgery could benefit T1D patients in terms of weight loss 
and improved glycemic control. It was noted that after 1 year, the decrease in median 
A1C in patients with T1D was much less than in those with T2D. In contrast, a few 
studies suggest that improved glycemic control may not be a probable outcome of 
bariatric surgery.

Further Reading1

1. Caballero B. The global epidemic of obesity: an overview. Epidemiol Rev. 2007;29(1):1–5.
2. Herman WH, Zimmet P. Type 2 diabetes: an epidemic requiring global attention and urgent 

action. Diabetes Care. 2012;35(5):943–4. https://doi.org/10.2337/dc12- 0298.

1 Papers of particular interest, published recently, have been highlighted as: • Of importance • Of 
major importance.

29 Treatment: Lifestyle and Medication

https://doi.org/10.2337/dc12-0298


838

3. Prevention CfDCa. Prevalence of overweight and obesity among adults with diagnosed 
diabetes—United States, 1988–1994 and 1999–2002. MMWR Morb Mortal Wkly Rep. 
2004;53(45):1066–8.

4. Daousi C, Casson IF, Gill GV, MacFarlane IA, Wilding JP, Pinkney JH. Prevalence of obesity 
in type 2 diabetes in secondary care: association with cardiovascular risk factors. Postgrad 
Med J. 2006;82(966):280–4. https://doi.org/10.1136/pmj.2005.039032.

5. Bhupathiraju SN, Hu FB. Epidemiology of obesity and diabetes and their cardiovascular com-
plications. Circ Res. 2016;118(11):1723–35. https://doi.org/10.1161/circresaha.115.306825. 
This study describes trends in the current obesity and diabetes epidemics in the USA and their 
associated health complications

6. Holmes MV, Pulit SL, Lindgren CM. Genetic and epigenetic studies of adiposity and cardio-
metabolic disease. Genome Med. 2017;9(1):82. https://doi.org/10.1186/s13073- 017- 0474- 5.

7. ADA.  Lifestyle management. Sec. 4. In standards of medical care in diabetes—2017. 
Diabetes Care. 2017;40(Supplement 1):S33–43. https://doi.org/10.2337/dc17- S007.

8. Garber AJ, Abrahamson MJ, Barzilay JI, Blonde L, Bloomgarden ZT, Bush MA, et  al. 
Consensus statement by the American Association of Clinical Endocrinologists and 
American College of Endocrinology on the comprehensive type 2 diabetes management algo-
rithm—2018 executive summary. Endocr Pract. 2018;24(1):91–120. https://doi.org/10.4158/
cs- 2017- 0153.

9. Chin MH, Cook S, Jin L, Drum ML, Harrison JF, Koppert J, et  al. Barriers to providing 
diabetes care in Community Health Centers. Diabetes Care. 2001;24(2):268–74. https://doi.
org/10.2337/diacare.24.2.268.

10. Wens J, Vermeire E, Royen PV, Sabbe B, Denekens JGP. ‘Perspectives of type 2 diabetes 
patients’ adherence to treatment: a qualitative analysis of barriers and solutions. BMC Fam 
Pract. 2005;6(1):20. https://doi.org/10.1186/1471- 2296- 6- 20.

11. Jansink R, Braspenning J, van der Weijden T, Elwyn G, Grol R.  Primary care nurses 
struggle with lifestyle counseling in diabetes care: a qualitative analysis. BMC Fam Pract. 
2010;11(1):41. https://doi.org/10.1186/1471- 2296- 11- 41.

12. Mitri J, Hamdy O.  Diabetes medications and body weight. Expert Opin Drug Saf. 
2009;8(5):573–84. https://doi.org/10.1517/14740330903081725.

13. Kahn SE, Hull RL, Utzschneider KM. Mechanisms linking obesity to insulin resistance and 
type 2 diabetes. Nature. 2006;444(7121):840–6. https://doi.org/10.1038/nature05482.

14. Hamdy O, Ledbury S, Mullooly C, Jarema C, Porter S, Ovalle K, et al. Lifestyle modifica-
tion improves endothelial function in obese subjects with the insulin resistance syndrome. 
Diabetes Care. 2003;26(7):2119–25.

15. Knowler WC, Barrett-Connor E, Fowler SE, Hamman RF, Lachin JM, Walker EA, et  al. 
Reduction in the incidence of type 2 diabetes with lifestyle intervention or metformin. N Engl 
J Med. 2002;346(6):393–403. https://doi.org/10.1056/NEJMoa012512.

16. Wing RR, Bolin P, Brancati FL, Bray GA, Clark JM, Coday M, et al. Cardiovascular effects 
of intensive lifestyle intervention in type 2 diabetes. N Engl J Med. 2013;369(2):145–54. 
https://doi.org/10.1056/NEJMoa1212914.

17. Hamdy O, Mottalib A, Morsi A, El-Sayed N, Goebel-Fabbri A, Arathuzik G, et al. Long- 
term effect of intensive lifestyle intervention on cardiovascular risk factors in patients with 
diabetes in real-world clinical practice: a 5-year longitudinal study. BMJ Open Diabetes Res 
Care. 2017;5(1):e000259. This study reported that long-term weight loss can be achieved 
by patients with diabetes and obesity through a lifestyle intervention program in real-world 
clinical practice

18. Yumuk V, Fruhbeck G, Oppert JM, Woodward E, Toplak H. An EASO position statement on 
multidisciplinary obesity management in adults. Obesity Facts. 2014;7(2):96–101. https://
doi.org/10.1159/000362191.

19. Phelan S, Wyatt HR, Hill JO, Wing RR. Are the eating and exercise habits of successful 
weight losers changing? Obesity (Silver Spring). 2006;14(4):710–6. https://doi.org/10.1038/
oby.2006.81.

A. Khan and O. Hamdy

https://doi.org/10.1136/pmj.2005.039032
https://doi.org/10.1161/circresaha.115.306825
https://doi.org/10.1186/s13073-017-0474-5
https://doi.org/10.2337/dc17-S007
https://doi.org/10.4158/cs-2017-0153
https://doi.org/10.4158/cs-2017-0153
https://doi.org/10.2337/diacare.24.2.268
https://doi.org/10.2337/diacare.24.2.268
https://doi.org/10.1186/1471-2296-6-20
https://doi.org/10.1186/1471-2296-11-41
https://doi.org/10.1517/14740330903081725
https://doi.org/10.1038/nature05482
https://doi.org/10.1056/NEJMoa012512
https://doi.org/10.1056/NEJMoa1212914
https://doi.org/10.1159/000362191
https://doi.org/10.1159/000362191
https://doi.org/10.1038/oby.2006.81
https://doi.org/10.1038/oby.2006.81


839

20. Thomas JG, Bond DS, Phelan S, Hill JO, Wing RR. Weight-loss maintenance for 10 years 
in the National Weight Control Registry. Am J Prev Med. 2014;46(1):17–23. https://doi.
org/10.1016/j.amepre.2013.08.019.

21. Montesi L, El Ghoch M, Brodosi L, Calugi S, Marchesini G, Dalle GR. Long-term weight 
loss maintenance for obesity: a multi-disciplinary approach. Diabetes Metab Syndr Obes. 
2016;9:37–46. https://doi.org/10.2147/dmso.s89836.

22. Hamdy O, Carver C. The Why WAIT program: improving clinical outcomes through weight 
management in type 2 diabetes. Curr Diab Rep. 2008;8(5):413–20.

23. Jennings A, Hughes CA, Kumaravel B, Bachmann MO, Steel N, Capehorn M, et  al. 
Evaluation of a multidisciplinary Tier 3 weight management service for adults with morbid 
obesity, or obesity and comorbidities, based in primary care. Clin Obes. 2014;4(5):254–66. 
https://doi.org/10.1111/cob.12066.

24. Lih A, Pereira L, Bishay RH, Zang J, Omari A, Atlantis E, et al. A novel multidisciplinary 
intervention for long-term weight loss and glycaemic control in obese patients with diabetes. 
J Diabetes Res. 2015;2015:729567. https://doi.org/10.1155/2015/729567.

25. Romanova M, Liang LJ, Deng ML, Li Z, Heber D.  Effectiveness of the MOVE! 
Multidisciplinary weight loss program for veterans in Los Angeles. Prev Chronic Dis. 
2013;10:E112. https://doi.org/10.5888/pcd10.120325.

26. Mauro M, Taylor V, Wharton S, Sharma AM. Barriers to obesity treatment. Eur J Int Med. 
2008;19(3):173–80. https://doi.org/10.1016/j.ejim.2007.09.011.

27. Mordes JP, Liu C, Xu S. Medications for weight loss. Curr Opin Endocrinol Diabetes Obes. 
2015;22(2):91–7. https://doi.org/10.1097/med.0000000000000140.

28. Yki-Jarvinen H, Kauppila M, Kujansuu E, Lahti J, Marjanen T, Niskanen L, et al. Comparison 
of insulin regimens in patients with non-insulin-dependent diabetes mellitus. N Engl J Med. 
1992;327(20):1426–33. https://doi.org/10.1056/nejm199211123272005.

29. Heller S, Buse J, Fisher M, Garg S, Marre M, Merker L, et al. Insulin degludec, an ultra-long 
acting basal insulin, versus insulin glargine in basal-bolus treatment with mealtime insu-
lin aspart in type 1 diabetes (BEGIN Basal-Bolus Type 1): a phase 3, randomised, open- 
label, treat-to-target non-inferiority trial. Lancet. 2012;379(9825):1489–97. https://doi.
org/10.1016/s0140- 6736(12)60204- 9.

30. Mathieu C, Hollander P, Miranda-Palma B, Cooper J, Franek E, Russell-Jones D, et  al. 
Efficacy and safety of insulin degludec in a flexible dosing regimen vs insulin glargine in 
patients with type 1 diabetes (BEGIN: Flex T1): a 26-week randomized, treat-to-target 
trial with a 26-week extension. J Clin Endocrinol Metab. 2013;98(3):1154–62. https://doi.
org/10.1210/jc.2012- 3249.

31. Home PD, Bergenstal RM, Bolli GB, Ziemen M, Rojeski M, Espinasse M, et al. New insulin 
glargine 300 units/mL versus glargine 100 units/mL in people with type 1 diabetes: a random-
ized, phase 3a, open-label clinical trial (EDITION 4). Diabetes Care. 2015;38(12):2217–25. 
https://doi.org/10.2337/dc15- 0249.

32. Garg SK, Rosenstock J, Ways K. Optimized basal-bolus insulin regimens in type 1 diabetes: 
insulin glulisine versus regular human insulin in combination with basal insulin glargine. 
Endocr Pract. 2005;11(1):11–7. https://doi.org/10.4158/ep.11.1.11.

33. Food and Drug Administration. FIASP® (insulin aspart injection) [label]. Bagsvaerd: Novo 
Nordisk A/S. 2017.

34. Food and Drug Administration. APIDRA® (insulin glulisine [rDNA origin] injection) [label]. 
Bridgewater, NJ: Sanofi-Aventis U.S. LLC; 2015.

35. Joslin EP. The treatment of diabetes mellitus. Can Med Assoc J. 1916;6(8):673–84.
36. Allen FM, Stillman E, Fitz R. Total dietary regulation in the treatment of diabetes, vol. 11. 

New York: Rockefeller Institute for Medical Research; 1919.
37. Mottalib A, Salsberg V, Mohd-Yusof B-N, Mohamed W, Carolan P, Pober DM, et  al. 

Effects of nutrition therapy on A1C and cardio-vascular disease risk factors in overweight 
and obese patients with type 2 diabetes. Nutr J. 2018;17(1):42. https://doi.org/10.1186/
s12937- 018- 0351- 0.

29 Treatment: Lifestyle and Medication

https://doi.org/10.1016/j.amepre.2013.08.019
https://doi.org/10.1016/j.amepre.2013.08.019
https://doi.org/10.2147/dmso.s89836
https://doi.org/10.1111/cob.12066
https://doi.org/10.1155/2015/729567
https://doi.org/10.5888/pcd10.120325
https://doi.org/10.1016/j.ejim.2007.09.011
https://doi.org/10.1097/med.0000000000000140
https://doi.org/10.1056/nejm199211123272005
https://doi.org/10.1016/s0140-6736(12)60204-9
https://doi.org/10.1016/s0140-6736(12)60204-9
https://doi.org/10.1210/jc.2012-3249
https://doi.org/10.1210/jc.2012-3249
https://doi.org/10.2337/dc15-0249
https://doi.org/10.4158/ep.11.1.11
https://doi.org/10.1186/s12937-018-0351-0
https://doi.org/10.1186/s12937-018-0351-0


840

38. The Look AHEAD Research Group. Eight-year weight losses with an intensive lifestyle 
intervention: the look AHEAD study. Obesity (Silver Spring). 2014;22(1):5–13. https://doi.
org/10.1002/oby.20662.

39. Wadden TA, West DS, Delahanty L, Jakicic J, Rejeski J, Williamson D, et  al. The Look 
AHEAD study: a description of the lifestyle intervention and the evidence supporting it. 
Obesity (Silver Spring). 2006;14(5):737–52. https://doi.org/10.1038/oby.2006.84.

40. Giusti J, Rizzotto JA.  Interpreting the Joslin Diabetes Center and Joslin Clinic Clinical 
Nutrition Guideline for overweight and obese adults with type 2 diabetes. Curr Diab Rep. 
2006;6(5):405–8.

41. Campbell A. Tackling “diabesity” head-on. Joslin Diabetes Center’s new nutrition guideline. 
Diabetes Self Manag. 2005;22(6):40–42–4.

42. Hamdy O, Horton ES.  Protein content in diabetes nutrition plan. Curr Diab Rep. 
2011;11(2):111–9. https://doi.org/10.1007/s11892- 010- 0171- x.

43. Wadden TA, Neiberg RH, Wing RR, Clark JM, Delahanty LM, Hill JO, Krakoff J, Otto 
A, Ryan DH, Vitolins MZ. Look AHEAD Research Group Four-year weight losses in the 
look AHEAD study: factors associated with long-term success. Obesity (Silver Spring). 
2011;19(10):1987–98. https://doi.org/10.1038/oby.2011.230.

44. Cheskin LJ, Mitchell AM, Jhaveri AD, Mitola AH, Davis LM, Lewis RA, et  al. Efficacy 
of meal replacements versus a standard food-based diet for weight loss in type 2 dia-
betes: a controlled clinical trial. Diabetes Educ. 2008;34(1):118–27. https://doi.
org/10.1177/0145721707312463.

45. Heymsfield S, Van Mierlo C, Van der Knaap H, Heo M, Frier H.  Weight management 
using a meal replacement strategy: meta and pooling analysis from six studies. Int J Obes. 
2003;27(5):537–49.

46. Li D, Zhang P, Guo H, Ling W. Taking a low glycemic index multi-nutrient supplement as 
breakfast improves glycemic control in patients with type 2 diabetes mellitus: a randomized 
controlled trial. Nutrients. 2014;6(12):5740–55. https://doi.org/10.3390/nu6125740.

47. Hamdy O, Zwiefelhofer D. Weight management using a meal replacement strategy in type 
2 diabetes. Curr Diab Rep. 2010;10(2):159–64. https://doi.org/10.1007/s11892- 010- 0103- 9.

48. Mottalib A, Mohd-Yusof BN, Shehabeldin M, Pober DM, Mitri J, Hamdy O.  Impact of 
diabetes- specific nutritional formulas versus oatmeal on postprandial glucose, insulin, GLP-1 
and postprandial Lipidemia. Nutrients. 2016;8(7):443. https://doi.org/10.3390/nu8070443.

49. Capodaglio P, De Souza SA, Parisio C, Precilios H, Vismara L, Cimolin V, et al. Reference 
values for the 6-min walking test in obese subjects. Disabil Rehabil. 2013;35(14):1199–203. 
https://doi.org/10.3109/09638288.2012.726313.

50. Swift DL, Johannsen NM, Lavie CJ, Earnest CP, Church TS. The role of exercise and physi-
cal activity in weight loss and maintenance. Prog Cardiovasc Dis. 2014;56(4):441–7. https://
doi.org/10.1016/j.pcad.2013.09.012.

51. Umegaki H.  Sarcopenia and diabetes: hyperglycemia is a risk factor for age-associated 
muscle mass and functional reduction. J Diabetes Investig. 2015;6(6):623–4. https://doi.
org/10.1111/jdi.12365.

52. Jefferis BJ, Parsons TJ, Sartini C, Ash S, Lennon LT, Wannamethee SG, et al. Does duration of 
physical activity bouts matter for adiposity and metabolic syndrome? A cross- sectional study 
of older British men. Int J Behav Nutr Phys Act. 2016;13(36):36. https://doi.org/10.1186/
s12966- 016- 0361- 2.

53. Glazer NL, Lyass A, Esliger DW, Blease SJ, Freedson PS, Massaro JM, et al. Sustained and 
shorter bouts of physical activity are related to cardiovascular health. Med Sci Sports Exerc. 
2013;45(1):109–15. https://doi.org/10.1249/MSS.0b013e31826beae5.

54. Wadden TA, Stunkard AJ. Handbook of obesity treatment. New York: Guilford Press; 2002.
55. Diabetes Prevention Program (DPP) Research Group. The Look AHEAD Research Group: 

description of lifestyle intervention. Diabetes Care. 2002;25(12):2165–71.
56. Nikolaou CK, Lean MEJ. Mobile applications for obesity and weight management: current 

market characteristics. Int J Obes. 2016;41(1):200–2. https://doi.org/10.1038/ijo.2016.186.

A. Khan and O. Hamdy

https://doi.org/10.1002/oby.20662
https://doi.org/10.1002/oby.20662
https://doi.org/10.1038/oby.2006.84
https://doi.org/10.1007/s11892-010-0171-x
https://doi.org/10.1038/oby.2011.230
https://doi.org/10.1177/0145721707312463
https://doi.org/10.1177/0145721707312463
https://doi.org/10.3390/nu6125740
https://doi.org/10.1007/s11892-010-0103-9
https://doi.org/10.3390/nu8070443
https://doi.org/10.3109/09638288.2012.726313
https://doi.org/10.1016/j.pcad.2013.09.012
https://doi.org/10.1016/j.pcad.2013.09.012
https://doi.org/10.1111/jdi.12365
https://doi.org/10.1111/jdi.12365
https://doi.org/10.1186/s12966-016-0361-2
https://doi.org/10.1186/s12966-016-0361-2
https://doi.org/10.1249/MSS.0b013e31826beae5
https://doi.org/10.1038/ijo.2016.186


841

57. Bonn SE, Alexandrou C, Steiner KH, Wiklander K, Östenson C, Löf M, et al. App-technology 
to increase physical activity among patients with diabetes type 2—the DiaCert-study, a 
randomized controlled trial. BMC Public Health. 2018;18(1):119. https://doi.org/10.1186/
s12889- 018- 5026- 4.

58. Carter MC, Burley VJ, Nykjaer C, Cade JE.  Adherence to a smartphone application for 
weight loss compared to website and paper diary: pilot randomized controlled trial. J Med 
Internet Res. 2013;15(4):e32. https://doi.org/10.2196/jmir.2283.

59. Pagoto S, Schneider K, Jojic M, DeBiasse M, Mann D.  Evidence-based strategies in 
weight-loss mobile apps. Am J Prev Med. 2013;45(5):576–82. https://doi.org/10.1016/j.
amepre.2013.04.025.

60. El Khoury L, Chouillard E, Chahine E, Saikaly E, Debs T, Kassir R.  Metabolic surgery 
and diabesity: a systematic review. Obes Surg. 2018;28:2069–77. https://doi.org/10.1007/
s11695- 018- 3252- 6.

61. Schauer PR, Bhatt DL, Kirwan JP, Wolski K, Aminian A, Brethauer SA, et  al. Bariatric 
surgery versus intensive medical therapy for diabetes—5-year outcomes. N Engl J Med. 
2017;376(7):641–51.

62. Ikramuddin S, Billington CJ, Lee W-J, Bantle JP, Thomas AJ, Connett JE, et al. Roux-en-Y 
gastric bypass for diabetes (the Diabetes Surgery Study): 2-year outcomes of a 5-year, ran-
domised, controlled trial. Lancet Diabetes Endocrinol. 2015;3(6):413–22.

63. Sjöström L.  Review of the key results from the Swedish Obese Subjects (SOS) 
trial–a prospective controlled intervention study of bariatric surgery. J Intern Med. 
2013;273(3):219–34.

64. Yska JP, van Roon EN, de Boer A, Leufkens HG, Wilffert B, de Heide LJ, et al. Remission 
of type 2 diabetes mellitus in patients after different types of bariatric surgery: a population- 
based cohort study in the United Kingdom. JAMA Surg. 2015;150(12):1126–33. https://doi.
org/10.1001/jamasurg.2015.2398.

65. Peterli R, Borbely Y, Kern B, Gass M, Peters T, Thurnheer M, et  al. Early results of the 
Swiss Multicentre Bypass or Sleeve Study (SM-BOSS): a prospective randomized trial 
comparing laparoscopic sleeve gastrectomy and Roux-en-Y gastric bypass. Ann Surg. 
2013;258(5):690–4; discussion 5. https://doi.org/10.1097/SLA.

66. Patel P, Hartland A, Hollis A, Ali R, Elshaw A, Jain S, et al. Tier 3 multidisciplinary medical 
weight management improves outcome of Roux-en-Y gastric bypass surgery. Ann R Coll 
Surg Engl. 2015;97(3):235–7. https://doi.org/10.1308/003588414x14055925061838. This 
study demonstrates the benefits of a weight management program prior to gastric bypass 
surgery in improving weight loss outcomes in patients

67. Goldfine AB, Patti ME. How common is hypoglycemia after gastric bypass? Obesity (Silver 
Spring). 2016;24(6):1210–1. https://doi.org/10.1002/oby.21520.

68. Abu Dayyeh BK, Rajan E, Gostout CJ. Endoscopic sleeve gastroplasty: a potential endo-
scopic alternative to surgical sleeve gastrectomy for treatment of obesity. Gastrointest 
Endosc. 2013;78(3):530–5. https://doi.org/10.1016/j.gie.2013.04.197.

69. Franco JV, Ruiz PA, Palermo M, Gagner M. A review of studies comparing three laparo-
scopic procedures in bariatric surgery: sleeve gastrectomy, Roux-en-Y gastric bypass and 
adjustable gastric banding. Obes Surg. 2011;21(9):1458–68. https://doi.org/10.1007/
s11695- 011- 0390- 5.

70. Cho JM, Kim HJ, Lo Menzo E, Park S, Szomstein S, Rosenthal RJ. Effect of sleeve gastrec-
tomy on type 2 diabetes as an alternative treatment modality to Roux-en-Y gastric bypass: 
systemic review and meta-analysis. Surg Obes Relat Dis. 2015;11(6):1273–80. https://doi.
org/10.1016/j.soard.2015.03.001.

71. Ding SA, Simonson DC, Wewalka M, Halperin F, Foster K, Goebel-Fabbri A, et al. Adjustable 
gastric band surgery or medical management in patients with type 2 diabetes: a random-
ized clinical trial. J Clin Endocrinol Metab. 2015;100(7):2546–56. https://doi.org/10.1210/
jc.2015- 1443.

29 Treatment: Lifestyle and Medication

https://doi.org/10.1186/s12889-018-5026-4
https://doi.org/10.1186/s12889-018-5026-4
https://doi.org/10.2196/jmir.2283
https://doi.org/10.1016/j.amepre.2013.04.025
https://doi.org/10.1016/j.amepre.2013.04.025
https://doi.org/10.1007/s11695-018-3252-6
https://doi.org/10.1007/s11695-018-3252-6
https://doi.org/10.1001/jamasurg.2015.2398
https://doi.org/10.1001/jamasurg.2015.2398
https://doi.org/10.1097/SLA
https://doi.org/10.1308/003588414x14055925061838
https://doi.org/10.1002/oby.21520
https://doi.org/10.1016/j.gie.2013.04.197
https://doi.org/10.1007/s11695-011-0390-5
https://doi.org/10.1007/s11695-011-0390-5
https://doi.org/10.1016/j.soard.2015.03.001
https://doi.org/10.1016/j.soard.2015.03.001
https://doi.org/10.1210/jc.2015-1443
https://doi.org/10.1210/jc.2015-1443


842

72. Kjær IGH, Kolle E, Hansen BH, Anderssen SA, Torstveit MK.  Obesity prevalence in 
Norwegian adults assessed by body mass index, waist circumference and fat mass percent-
age. Clin Obes. 2015;5(4):211–8. https://doi.org/10.1111/cob.12100.

73. Flegal KM, Kruszon-Moran D, Carroll MD, Fryar CD, Ogden CL. Trends in obesity among 
adults in the United States, 2005 to 2014. JAMA. 2016;315(21):2284–91. https://doi.
org/10.1001/jama.2016.6458. This report utilizes data from the National Health and Nutrition 
Examination Survey (NHANES) to describe the alarming changes in obesity trends in the US

74. Ghosh A, Charlton KE, Batterham MJ. Socioeconomic disadvantage and its implications for 
population health planning of obesity and overweight, using cross-sectional data from gen-
eral practices from a regional catchment in Australia. BMJ Open. 2016;6(5):e010405. https://
doi.org/10.1136/bmjopen- 2015- 010405.

75. Szadkowska A, Madej A, Ziolkowska K, Szymanska M, Jeziorny K, Mianowska B, 
et  al. Gender and age-dependent effect of type 1 diabetes on obesity and altered body 
composition in young adults. Ann Agric Environ Med. 2015;22(1):124–8. https://doi.
org/10.5604/12321966.1141381.

76. Conway B, Miller RG, Costacou T, Fried L, Kelsey S, Evans RW, et al. Temporal patterns 
in overweight and obesity in type 1 diabetes. Diabet Med. 2010;27(4):398–404. https://doi.
org/10.1111/j.1464- 5491.2010.02956.x.

77. Chillaron JJ, Benaiges D, Mane L, Pedro-Botet J, Flores Le-Roux JA. Obesity and type 1 
diabetes mellitus management. Minerva Endocrinol. 2015;40(1):53–60.

78. Burr JF, Shephard RJ, Riddell MC. Physical activity in type 1 diabetes mellitus: assessing 
risks for physical activity clearance and prescription. Can Fam Physician. 2012;58(5):533–5.

79. Francescato MP, Stel G, Stenner E, Geat M. Prolonged exercise in type 1 diabetes: perfor-
mance of a customizable algorithm to estimate the carbohydrate supplements to minimize 
glycemic imbalances. PLoS One. 2015;10(4):e0125220. https://doi.org/10.1371/journal.
pone.0125220.

80. ADA. Foundations of care and comprehensive medical evaluation. Sec. 3. In standards of 
medical care in diabetes—2016. Diabetes Care. 2016;39(Suppl 1):S23–35. https://doi.
org/10.2337/dc16- S006.

81. Shai I, Schwarzfuchs D, Henkin Y, Shahar DR, Witkow S, Greenberg I, et al. Weight loss 
with a low-carbohydrate, Mediterranean, or low-fat diet. N Engl J Med. 2008;359(3):229–41. 
https://doi.org/10.1056/NEJMoa0708681.

82. Barnard ND, Cohen J, Jenkins DJ, Turner-McGrievy G, Gloede L, Green A, et al. A low-fat 
vegan diet and a conventional diabetes diet in the treatment of type 2 diabetes: a random-
ized, controlled, 74-wk clinical trial. Am J Clin Nutr. 2009;89(5):1588S–96S. https://doi.
org/10.3945/ajcn.2009.26736H.

83. Shirani F, Salehi-Abargouei A, Azadbakht L.  Effects of Dietary Approaches to Stop 
Hypertension (DASH) diet on some risk for developing type 2 diabetes: a systematic review 
and meta-analysis on controlled clinical trials. Nutrition. 2013;29(7–8):939–47. https://doi.
org/10.1016/j.nut.2012.12.021.

84. Lee YM, Kim SA, Lee IK, Kim JG, Park KG, Jeong JY, et al. Effect of a brown rice based 
vegan diet and conventional diabetic diet on glycemic control of patients with type 2 dia-
betes: a 12-week randomized clinical trial. PLoS One. 2016;11(6):e0155918. https://doi.
org/10.1371/journal.pone.0155918.

85. Yokoyama Y, Barnard ND, Levin SM, Watanabe M. Vegetarian diets and glycemic control in 
diabetes: a systematic review and meta-analysis. Cardiovasc Diagn Ther. 2014;4(5):373–82. 
https://doi.org/10.3978/j.issn.2223- 3652.2014.10.04.

86. Liese AD, Nichols M, Sun X, D’Agostino RB Jr, Haffner SM. Adherence to the DASH diet is 
inversely associated with incidence of type 2 diabetes: the Insulin Resistance Atherosclerosis 
Study. Diabetes Care. 2009;32(8):1434–6. https://doi.org/10.2337/dc09- 0228.

87. Evert AB, Boucher JL, Cypress M, Dunbar SA, Franz MJ, Mayer-Davis EJ, et al. Nutrition 
therapy recommendations for the management of adults with diabetes. Diabetes Care. 
2014;37(Supplement 1):S120–SS43. This is a position statement by the American Diabetes 

A. Khan and O. Hamdy

https://doi.org/10.1111/cob.12100
https://doi.org/10.1001/jama.2016.6458
https://doi.org/10.1001/jama.2016.6458
https://doi.org/10.1136/bmjopen-2015-010405
https://doi.org/10.1136/bmjopen-2015-010405
https://doi.org/10.5604/12321966.1141381
https://doi.org/10.5604/12321966.1141381
https://doi.org/10.1111/j.1464-5491.2010.02956.x
https://doi.org/10.1111/j.1464-5491.2010.02956.x
https://doi.org/10.1371/journal.pone.0125220
https://doi.org/10.1371/journal.pone.0125220
https://doi.org/10.2337/dc16-S006
https://doi.org/10.2337/dc16-S006
https://doi.org/10.1056/NEJMoa0708681
https://doi.org/10.3945/ajcn.2009.26736H
https://doi.org/10.3945/ajcn.2009.26736H
https://doi.org/10.1016/j.nut.2012.12.021
https://doi.org/10.1016/j.nut.2012.12.021
https://doi.org/10.1371/journal.pone.0155918
https://doi.org/10.1371/journal.pone.0155918
https://doi.org/10.3978/j.issn.2223-3652.2014.10.04
https://doi.org/10.2337/dc09-0228


843

Association (ADA) outlining its recommendations for nutrition therapy in adults with 
diabetes.

88. Burger KN, Beulens JW, van der Schouw YT, Sluijs I, Spijkerman AM, Sluik D, et al. Dietary 
fiber, carbohydrate quality and quantity, and mortality risk of individuals with diabetes mel-
litus. PLoS One. 2012;7(8):e43127. https://doi.org/10.1371/journal.pone.0043127.

89. Parillo M, Annuzzi G, Rivellese AA, Bozzetto L, Alessandrini R, Riccardi G, et al. Effects 
of meals with different glycaemic index on postprandial blood glucose response in patients 
with type 1 diabetes treated with continuous subcutaneous insulin infusion. Diabet Med. 
2011;28(2):227–9. https://doi.org/10.1111/j.1464- 5491.2010.03176.x.

90. Wheeler ML, Dunbar SA, Jaacks LM, Karmally W, Mayer-Davis EJ, Wylie-Rosett J, et al. 
Macronutrients, food groups, and eating patterns in the management of diabetes: a systematic 
review of the literature, 2010. Diabetes Care. 2012;35(2):434–45. https://doi.org/10.2337/
dc11- 2216.

91. Franz MJ, Boucher JL, Evert AB. Evidence-based diabetes nutrition therapy recommenda-
tions are effective: the key is individualization. Diabet Metab Syndr Obes. 2014;7:65–72. 
https://doi.org/10.2147/dmso.s45140.

92. Estruch R, Ros E, Salas-Salvado J, Covas MI, Corella D, Aros F, et al. Primary prevention 
of cardiovascular disease with a Mediterranean diet. N Engl J Med. 2013;368(14):1279–90. 
https://doi.org/10.1056/NEJMoa1200303.

93. Miller CT, Fraser SF, Levinger I, Straznicky NE, Dixon JB, Reynolds J, et al. The effects of 
exercise training in addition to energy restriction on functional capacities and body composi-
tion in obese adults during weight loss: a systematic review. PLoS One. 2013;8(11):e81692. 
https://doi.org/10.1371/journal.pone.0081692.

94. Washburn RA, Szabo AN, Lambourne K, Willis EA, Ptomey LT, Honas JJ, et al. Does the 
method of weight loss effect long-term changes in weight, body composition or chronic 
disease risk factors in overweight or obese adults? A systematic review. PLoS One. 
2014;9(10):e109849. https://doi.org/10.1371/journal.pone.0109849.

95. Chimen M, Kennedy A, Nirantharakumar K, Pang TT, Andrews R, Narendran P.  What 
are the health benefits of physical activity in type 1 diabetes mellitus? A literature review. 
Diabetologia. 2012;55(3):542–51. https://doi.org/10.1007/s00125- 011- 2403- 2.

96. Fuchsjäger-Mayrl G, Pleiner J, Wiesinger GF, Sieder AE, Quittan M, Nuhr MJ, et al. Exercise 
training improves vascular endothelial function in patients with type 1 diabetes. Diabetes 
Care. 2002;25(10):1795–801. https://doi.org/10.2337/diacare.25.10.1795.

97. Hawley JA. Exercise as a therapeutic intervention for the prevention and treatment of insulin 
resistance. Diabetes Metab Res Rev. 2004;20(5):383–93. https://doi.org/10.1002/dmrr.505.

98. Ismail I, Keating SE, Baker MK, Johnson NA. A systematic review and meta-analysis of the 
effect of aerobic vs. resistance exercise training on visceral fat. Obes Rev. 2012;13(1):68–91. 
https://doi.org/10.1111/j.1467- 789X.2011.00931.x.

99. Hunter GR, Byrne NM, Sirikul B, Fernandez JR, Zuckerman PA, Darnell BE, et  al. 
Resistance training conserves fat-free mass and resting energy expenditure following weight 
loss. Obesity (Silver Spring). 2008;16(5):1045–51. https://doi.org/10.1038/oby.2008.38.

100. Leenders M, Verdijk LB, van der Hoeven L, Adam JJ, van Kranenburg J, Nilwik R, et al. 
Patients with type 2 diabetes show a greater decline in muscle mass, muscle strength, and 
functional capacity with aging. J Am Med Dir Assoc. 2013;14(8):585–92. https://doi.
org/10.1016/j.jamda.2013.02.006.

101. Heydari M, Freund J, Boutcher SH.  The effect of high-intensity intermittent exercise on 
body composition of overweight young males. J Obes. 2012;2012:480467. https://doi.
org/10.1155/2012/480467.

102. Madsen SM, Thorup AC, Overgaard K, Jeppesen PB.  High intensity interval training 
improves glycaemic control and pancreatic β cell function of type 2 diabetes patients. PLoS 
One. 2015;10(8):e0133286. https://doi.org/10.1371/journal.pone.0133286.

103. Trapp E, Chisholm D, Freund J, Boutcher S. The effects of high-intensity intermittent exercise 
training on fat loss and fasting insulin levels of young women. Int J Obes. 2008;32(4):684–91.

29 Treatment: Lifestyle and Medication

https://doi.org/10.1371/journal.pone.0043127
https://doi.org/10.1111/j.1464-5491.2010.03176.x
https://doi.org/10.2337/dc11-2216
https://doi.org/10.2337/dc11-2216
https://doi.org/10.2147/dmso.s45140
https://doi.org/10.1056/NEJMoa1200303
https://doi.org/10.1371/journal.pone.0081692
https://doi.org/10.1371/journal.pone.0109849
https://doi.org/10.1007/s00125-011-2403-2
https://doi.org/10.2337/diacare.25.10.1795
https://doi.org/10.1002/dmrr.505
https://doi.org/10.1111/j.1467-789X.2011.00931.x
https://doi.org/10.1038/oby.2008.38
https://doi.org/10.1016/j.jamda.2013.02.006
https://doi.org/10.1016/j.jamda.2013.02.006
https://doi.org/10.1155/2012/480467
https://doi.org/10.1155/2012/480467
https://doi.org/10.1371/journal.pone.0133286


844

104. Keating SE, Machan EA, O’Connor HT, Gerofi JA, Sainsbury A, Caterson ID, et  al. 
Continuous exercise but not high intensity interval training improves fat distribution in over-
weight adults. J Obes. 2014;2014:834865. https://doi.org/10.1155/2014/834865.

105. Rabasa-Lhoret R, Bourque J, Ducros F, Chiasson JL. Guidelines for premeal insulin dose 
reduction for postprandial exercise of different intensities and durations in type 1 diabetic 
subjects treated intensively with a basal-bolus insulin regimen (ultralentelispro). Diabetes 
Care. 2001;24(4):625–30.

106. Riddell MC, Gallen IW, Smart CE, Taplin CE, Adolfsson P, Lumb AN, et  al. Exercise 
management in type 1 diabetes: a consensus statement. Lancet Diabetes Endocrinol. 
2017;5(5):377–90. https://doi.org/10.1016/s2213- 8587(17)30014- 1. This review provides 
new recommendations for exercise management in patients with T1D

107. Dornhorst A, Luddeke HJ, Sreenan S, Kozlovski P, Hansen JB, Looij BJ, et al. Insulin detemir 
improves glycaemic control without weight gain in insulin-naive patients with type 2 diabe-
tes: subgroup analysis from the PREDICTIVE study. Int J Clin Pract. 2008;62(4):659–65. 
https://doi.org/10.1111/j.1742- 1241.2008.01715.x.

108. Viollet B, Guigas B, Sanz Garcia N, Leclerc J, Foretz M, Andreelli F. Cellular and molecular 
mechanisms of metformin: an overview. Clin Sci (Lond). 2012;122(6):253–70. https://doi.
org/10.1042/cs20110386.

109. Burchardt P, Zawada A, Tabaczewski P, Naskret D, Kaczmarek J, Marcinkaniec J, et  al. 
Metformin added to intensive insulin therapy reduces plasma levels of glycated but not oxi-
dized low density lipoprotein in young patients with type 1 diabetes and obesity in compari-
son with insulin alone: a pilot study. Pol Arch Med Wewn. 2013;123(10):526–32.

110. Varanasi A, Bellini N, Rawal D, Vora M, Makdissi A, Dhindsa S, et  al. Liraglutide as 
additional treatment for type 1 diabetes. J Endocrinol. 2011;165(1):77–84. https://doi.
org/10.1530/eje- 11- 0330.

111. Kielgast U, Krarup T, Holst JJ, Madsbad S. Four weeks of treatment with liraglutide reduces 
insulin dose without loss of glycemic control in type 1 diabetic patients with and without 
residual beta-cell function. Diabetes Care. 2011;34(7):1463–8. https://doi.org/10.2337/
dc11- 0096.

112. Ghazi T, Rink L, Sherr JL, Herold KC. Acute metabolic effects of exenatide in patients with 
type 1 diabetes with and without residual insulin to oral and intravenous glucose challenges. 
Diabetes Care. 2014;37(1):210–6. https://doi.org/10.2337/dc13- 1169.

113. Traina AN, Lull ME, Hui AC, Zahorian TM, Lyons-Patterson J. Once-weekly exenatide as 
adjunct treatment of type 1 diabetes mellitus in patients receiving continuous subcutane-
ous insulin infusion therapy. Can J Diabetes. 2014;38(4):269–72. https://doi.org/10.1016/j.
jcjd.2013.10.006.

114. Hari Kumar KV, Shaikh A, Prusty P. Addition of exenatide or sitagliptin to insulin in new onset 
type 1 diabetes: a randomized, open label study. Diabetes Res Clin Pract. 2013;100(2):e55–8. 
https://doi.org/10.1016/j.diabres.2013.01.020.

115. Thule PM. Mechanisms of current therapies for diabetes mellitus type 2. Adv Physiol Educ. 
2012;36(4):275–83. https://doi.org/10.1152/advan.00094.2012.

116. Herrmann K, Brunell SC, Li Y, Zhou M, Maggs DG.  Impact of disease duration on the 
effects of pramlintide in type 1 diabetes: a post hoc analysis of three clinical trials. Adv 
Ther. 2016;33(5):848–61. https://doi.org/10.1007/s12325- 016- 0326- 5. This study describes 
the effects of pramlintide treatment in patients with T1D across a wide range of disease 
duration

117. Ferrannini E. Sodium-glucose co-transporters and their inhibition: clinical physiology. Cell 
Metab. 2017;26(1):27–38. https://doi.org/10.1016/j.cmet.2017.04.011.

118. Abdul-Ghani MA, Norton L, DeFronzo RA.  Renal sodiumglucose cotransporter inhi-
bition in the management of type 2 diabetes mellitus. Am J Physiol Renal Physiol. 
2015;309(11):F889–900. https://doi.org/10.1152/ajprenal.00267.2015.

119. Heerspink HJ, Perkins BA, Fitchett DH, Husain M, Cherney DZ. Sodium glucose cotrans-
porter 2 inhibitors in the treatment of diabetes mellitus: cardiovascular and kidney effects, 

A. Khan and O. Hamdy

https://doi.org/10.1155/2014/834865
https://doi.org/10.1016/s2213-8587(17)30014-1
https://doi.org/10.1111/j.1742-1241.2008.01715.x
https://doi.org/10.1042/cs20110386
https://doi.org/10.1042/cs20110386
https://doi.org/10.1530/eje-11-0330
https://doi.org/10.1530/eje-11-0330
https://doi.org/10.2337/dc11-0096
https://doi.org/10.2337/dc11-0096
https://doi.org/10.2337/dc13-1169
https://doi.org/10.1016/j.jcjd.2013.10.006
https://doi.org/10.1016/j.jcjd.2013.10.006
https://doi.org/10.1016/j.diabres.2013.01.020
https://doi.org/10.1152/advan.00094.2012
https://doi.org/10.1007/s12325-016-0326-5
https://doi.org/10.1016/j.cmet.2017.04.011
https://doi.org/10.1152/ajprenal.00267.2015


845

potential mechanisms, and clinical applications. Circulation. 2016;134(10):752–72. https://
doi.org/10.1161/circulationaha.116.021887.

120. Neal B, Perkovic V, Mahaffey KW, de Zeeuw D, Fulcher G, Erondu N, et al. Canagliflozin 
and cardiovascular and renal events in type 2 diabetes. N Engl J Med. 377:644–57. https://
doi.org/10.1056/NEJMoa1611925.

121. Perkins BA, Cherney DZ, Partridge H, Soleymanlou N, Tschirhart H, Zinman B, et  al. 
Sodium-glucose cotransporter 2 inhibition and glycemic control in type 1 diabetes: results of 
an 8-week open-label proof-of-concept trial. Diabetes Care. 2014;37(5):1480–3. https://doi.
org/10.2337/dc13- 2338.

122. Henry RR, Rosenstock J, Edelman S, Mudaliar S, Chalamandaris AG, Kasichayanula S, et al. 
Exploring the potential of the SGLT2 inhibitor dapagliflozin in type 1 diabetes: a random-
ized, double-blind, placebo-controlled pilot study. Diabetes Care. 2015;38(3):412–9. https://
doi.org/10.2337/dc13- 2955.

123. Sands AT, Zambrowicz BP, Rosenstock J, Lapuerta P, Bode BW, Garg SK, et al. Sotagliflozin, 
a dual SGLT1 and SGLT2 inhibitor, as adjunct therapy to insulin in type 1 diabetes. Diabetes 
Care. 2015;38(7):1181–8. https://doi.org/10.2337/dc14- 2806. This study reports significant 
body weight reduction and improvement in glycemic control among patients with T1D 
treated with the SGLT2 inhibitor sotagliflozin

124. Daneschvar HL, Aronson MD, Smetana GW. FDA-approved anti-obesity drugs in the United 
States. Am J Med. 2016;129(8):879.e1–6. https://doi.org/10.1016/j.amjmed.2016.02.009.

125. Petrie JR, Chaturvedi N, Ford I, Brouwers M, Greenlaw N, Tillin T, et al. Cardiovascular 
and metabolic effects of metformin in patients with type 1 diabetes (REMOVAL): a double- 
blind, randomised, placebo-controlled trial. Lancet Diabetes Endocrinol. 2017; https://doi.
org/10.1016/s2213- 8587(17)30194- 8. This study describes long-term outcomes of metfor-
min use in adults with T1D.

126. Holst JJ. Incretin hormones and the satiation signal. International J Obes. 2013;37(9):1161–8. 
https://doi.org/10.1038/ijo.2012.208.

127. Dejgaard TF, Frandsen CS, Holst JJ, Madsbad S. Liraglutide for treating type 1 diabetes. 
Expert Opin Biol Ther. 2016;16(4):579–90. https://doi.org/10.1517/14712598.2016.1160050
.

128. Janzen KM, Steuber TD, Nisly SA.  GLP-1 agonists in type 1 diabetes mellitus. Ann 
Pharmacother. 2016;50(8):656–65. https://doi.org/10.1177/1060028016651279. This article 
reviews all trials to date that used GLP-1 analogs in patients with T1D

129. Varanasi A, Bellini N, Rawal D, Vora M, Makdissi A, Dhindsa S, et al. Liraglutide as addi-
tional treatment for type 1 diabetes. Eur J Endocrinol. 2011 Jul;165(1):77–84.

130. O’Neil PM, Smith SR, Weissman NJ, Fidler MC, Sanchez M, Zhang J, et al. Randomized 
placebo-controlled clinical trial of lorcaserin for weight loss in type 2 diabetes mellitus: the 
BLOOM-DM study. Obesity (Silver Spring). 2012;20(7):1426–36. https://doi.org/10.1038/
oby.2012.66.

131. Garvey WT, Ryan DH, Look M, Gadde KM, Allison DB, Peterson CA, et al. Two-year sus-
tained weight loss and metabolic benefits with controlled-release phentermine/topiramate in 
obese and overweight adults (SEQUEL): a randomized, placebo-controlled, phase 3 exten-
sion study. Am J Clin Nutr. 2012;95(2):297–308. https://doi.org/10.3945/ajcn.111.024927.

132. Hollander P, Gupta AK, Plodkowski R, Greenway F, Bays H, Burns C, et al. Effects of nal-
trexone sustained-release/bupropion sustained-release combination therapy on body weight 
and glycemic parameters in overweight and obese patients with type 2 diabetes. Diabetes 
Care. 2013;36(12):4022–9. https://doi.org/10.2337/dc13- 0234.

133. Vasas P, Por F. Surgical options for reducing body weight. Orv Hetil. 2014;155(25):971–7. 
https://doi.org/10.1556/oh.2014.29844.

134. Gill RS, Majumdar SR, Rueda-Clausen CF, Apte S, Birch DW, Karmali S, et al. Comparative 
effectiveness and safety of gastric bypass, sleeve gastrectomy and adjustable gastric 
banding in a population-based bariatric program: prospective cohort study. Can J Surg. 
2016;59(4):13315. https://doi.org/10.1503/cjs.013315.

29 Treatment: Lifestyle and Medication

https://doi.org/10.1161/circulationaha.116.021887
https://doi.org/10.1161/circulationaha.116.021887
https://doi.org/10.1056/NEJMoa1611925
https://doi.org/10.1056/NEJMoa1611925
https://doi.org/10.2337/dc13-2338
https://doi.org/10.2337/dc13-2338
https://doi.org/10.2337/dc13-2955
https://doi.org/10.2337/dc13-2955
https://doi.org/10.2337/dc14-2806
https://doi.org/10.1016/j.amjmed.2016.02.009
https://doi.org/10.1016/s2213-8587(17)30194-8
https://doi.org/10.1016/s2213-8587(17)30194-8
https://doi.org/10.1038/ijo.2012.208
https://doi.org/10.1517/14712598.2016.1160050
https://doi.org/10.1177/1060028016651279
https://doi.org/10.1038/oby.2012.66
https://doi.org/10.1038/oby.2012.66
https://doi.org/10.3945/ajcn.111.024927
https://doi.org/10.2337/dc13-0234
https://doi.org/10.1556/oh.2014.29844
https://doi.org/10.1503/cjs.013315


846

135. Praveenraj P, Gomes RM, Kumar S, Perumal S, Senthilnathan P, Parthasarathi R, et  al. 
Comparison of weight loss outcomes 1 year after sleeve gastrectomy and Roux-en-Y gastric 
bypass in patients aged above 50 years. J Minim Access Surg. 2016;12(3):220–5. https://doi.
org/10.4103/0972- 9941.183481.

136. Adams TD, Arterburn DE, Nathan DM, Eckel RH. Clinical outcomes of metabolic surgery: 
microvascular and macrovascular complications. Diabetes Care. 2016;39(6):912–23. https://
doi.org/10.2337/dc16- 0157.

137. Lee SK, Heo Y, Park JM, Kim YJ, Kim SM, Park DJ, et al. Rouxen-Y gastric bypass vs. 
sleeve gastrectomy vs. gastric banding: the first multicenter retrospective comparative cohort 
study in obese Korean patients. Yonsei Med J. 2016;57(4):956–62. https://doi.org/10.3349/
ymj.2016.57.4.956.

138. Grubnik VV, Ospanov OB, Namaeva KA, Medvedev OV, Kresyun MS. Randomized con-
trolled trial comparing laparoscopic greater curvature plication versus laparoscopic sleeve 
gastrectomy. Surg Endosc. 2016;30(6):2186–91. https://doi.org/10.1007/s00464- 015- 4373- 9.

139. Lager CJ, Esfandiari NH, Subauste AR, Kraftson AT, Brown MB, Cassidy RB, et al. Roux- 
en- Y gastric bypass vs. sleeve gastrectomy: balancing the risks of surgery with the benefits 
of weight loss. Obes Surg. 2017;27(1):154–61. https://doi.org/10.1007/s11695- 016- 2265- 2.

140. Sabbagh C, Verhaeghe P, Dhahri A, Brehant O, Fuks D, Badaoui R, et al. Two-year results on 
morbidity, weight loss and quality of life of sleeve gastrectomy as first procedure, sleeve gas-
trectomy after failure of gastric banding and gastric banding. Obes Surg. 2010;20(6):679–84. 
https://doi.org/10.1007/s11695- 009- 0007- 4.

141. Purnell JQ, Selzer F, Wahed AS, Pender J, Pories W, Pomp A, et al. Type 2 diabetes remission 
rates after laparoscopic gastric bypass and gastric banding: results of the longitudinal assess-
ment of bariatric surgery study. Diabetes Care. 2016;39(7):1101–7. https://doi.org/10.2337/
dc15- 2138.

142. Kirwan JP, Aminian A, Kashyap SR, Burguera B, Brethauer SA, Schauer PR. Bariatric sur-
gery in obese patients with type 1 diabetes. Diabetes Care. 2016;39(6):941–8. https://doi.
org/10.2337/dc15- 2732. A review of bariatric surgery outcomes conducted in patients with 
T1D and obesity

143. Abdeen G, le Roux CW.  Mechanism underlying the weight loss and complications of 
Roux-en-Y gastric bypass. Rev Obes Surg. 2016;26(2):410–21. https://doi.org/10.1007/
s11695- 015- 1945- 7.

144. Holst JJ. Postprandial insulin secretion after gastric bypass surgery: the role of glucagon-like 
peptide 1. Diabetes. 2011;60(9):2203–5. https://doi.org/10.2337/db11- 0798.

145. Holst JJ, Madsbad S. Mechanisms of surgical control of type 2 diabetes: GLP-1 is key fac-
tor. Surg Obes Relat Dis. 2016;12(6):1236–42. https://doi.org/10.1016/j.soard.2016.02.033.

146. Kratz M, Hagman DK, Kuzma JN, Foster-Schubert KE, Chan CP, Stewart S, et  al. 
Improvements in glycemic control after gastric bypass occur despite persistent adipose tis-
sue inflammation. Obesity (Silver Spring). 2016;24(7):1438–45. https://doi.org/10.1002/
oby.21524.

147. Smith BR, Hinojosa MW, Reavis KM, Nguyen NT. Remission of diabetes after laparoscopic 
gastric bypass. Am Surg. 2008;74(10):948–52.

148. Dixon JB, Chuang LM, Chong K, Chen SC, Lambert GW, Straznicky NE, et al. Predicting 
the glycemic response to gastric bypass surgery in patients with type 2 diabetes. Diabetes 
Care. 2013;36(1):20–6. https://doi.org/10.2337/dc12- 0779.

149. Hara M, Fowler JL, Bell GI, Philipson LH. Resting beta-cells—a functional reserve? Diabetes 
Metab. 2016;42(3):157–61. https://doi.org/10.1016/j.diabet.2016.01.001.

150. Celio AC, Wu Q, Kasten KR, Manwaring ML, Pories WJ, Spaniolas K. Comparative effec-
tiveness of Roux-en-Y gastric bypass and sleeve gastrectomy in super obese patients. Surg 
Endosc. 2017;31(1):317–23. https://doi.org/10.1007/s00464- 016- 4974- y.

151. Nannipieri M, Belligoli A, Guarino D, Busetto L, Moriconi D, Fabris R, et al. Risk factors 
for spontaneously self-reported post-prandial hypoglycemia after bariatric surgery. J Clin 
Endocrinol Metab. 2016;101(10):3600–7. https://doi.org/10.1210/jc.2016- 1143.

A. Khan and O. Hamdy

https://doi.org/10.4103/0972-9941.183481
https://doi.org/10.4103/0972-9941.183481
https://doi.org/10.2337/dc16-0157
https://doi.org/10.2337/dc16-0157
https://doi.org/10.3349/ymj.2016.57.4.956
https://doi.org/10.3349/ymj.2016.57.4.956
https://doi.org/10.1007/s00464-015-4373-9
https://doi.org/10.1007/s11695-016-2265-2
https://doi.org/10.1007/s11695-009-0007-4
https://doi.org/10.2337/dc15-2138
https://doi.org/10.2337/dc15-2138
https://doi.org/10.2337/dc15-2732
https://doi.org/10.2337/dc15-2732
https://doi.org/10.1007/s11695-015-1945-7
https://doi.org/10.1007/s11695-015-1945-7
https://doi.org/10.2337/db11-0798
https://doi.org/10.1016/j.soard.2016.02.033
https://doi.org/10.1002/oby.21524
https://doi.org/10.1002/oby.21524
https://doi.org/10.2337/dc12-0779
https://doi.org/10.1016/j.diabet.2016.01.001
https://doi.org/10.1007/s00464-016-4974-y
https://doi.org/10.1210/jc.2016-1143


847

152. Felsenreich DM, Langer FB, Kefurt R, Panhofer P, Schermann M, Beckerhinn P, et  al. 
Weight loss, weight regain, and conversions to Roux-en-Y gastric bypass: 10-year results 
of laparoscopic sleeve gastrectomy. Surg Obes Relat Dis. 2016;12(9):1655–62. https://doi.
org/10.1016/j.soard.2016.02.021.

153. Lalor PF, Tucker ON, Szomstein S, Rosenthal RJ. Complications after laparoscopic sleeve gas-
trectomy. Surg Obes Relat Dis. 2008;4(1):33–8. https://doi.org/10.1016/j.soard.2007.08.015.

154. Yildiz B, Katar K, Hamamci O. Efficacy of laparoscopic sleeve gastrectomy for the treat-
ment of obesity in a non-western society. Eat Weight Disord. 2016;21(4):695–9. https://doi.
org/10.1007/s40519- 016- 0287- 3.

155. Shah N, Greenberg JA, Leverson G, Statz AK, Jolles SA, Funk LM. Weight loss after bar-
iatric surgery: a propensity score analysis. J Surg Res. 2016;202(2):449–54. https://doi.
org/10.1016/j.jss.2016.01.041.

156. Faucher P, Poitou C, Carette C, Tezenas du Montcel S, Barsamian C, Touati E, et al. Bariatric 
surgery in obese patients with type 1 diabetes: effects on weight loss and metabolic control. 
Obes Surg. 2016;26(10):2370–8. https://doi.org/10.1007/s11695- 016- 2106- 3.

157. Lannoo M, Dillemans B, Van Nieuwenhove Y, Fieuws S, Mathieu C, Gillard P, et al. Bariatric 
surgery induces weight loss but does not improve glycemic control in patients with type 1 
diabetes. Diabetes Care. 2014;37(8):e173–4. https://doi.org/10.2337/dc14- 0583.

158. Maraka S, Kudva YC, Kellogg TA, Collazo-Clavell ML, Mundi MS. Bariatric surgery and 
diabetes: implications of type 1 versus insulin-requiring type 2. Obesity (Silver Spring). 
2015;23(3):552–7. https://doi.org/10.1002/oby.20992.

29 Treatment: Lifestyle and Medication

https://doi.org/10.1016/j.soard.2016.02.021
https://doi.org/10.1016/j.soard.2016.02.021
https://doi.org/10.1016/j.soard.2007.08.015
https://doi.org/10.1007/s40519-016-0287-3
https://doi.org/10.1007/s40519-016-0287-3
https://doi.org/10.1016/j.jss.2016.01.041
https://doi.org/10.1016/j.jss.2016.01.041
https://doi.org/10.1007/s11695-016-2106-3
https://doi.org/10.2337/dc14-0583
https://doi.org/10.1002/oby.20992


849

Chapter 30
Surgical Treatment for Obesity  
and Diabetes Mellitus

Grace Lassiter, Danielle Pecquex, and Nicole Pecquex

 American Statistics

According to the CDC, in 2017–2018, the prevalence of obesity in the US was 
42.4% [1]. The estimated annual cost of obesity in 2008 was estimated at $147 bil-
lion. Currently, two-thirds of the US population is overweight and of those, half are 
obese. In 2017, two hundred and twenty eight thousand bariatric procedures were 
performed in the United States. This number represents only 1% of those actually 
eligible for bariatric surgery in the US [1].

 Obesity

It is no hidden fact that obesity has been linked to significant increased cardiovascu-
lar disease among populations. According to the WHO, most of the world’s popula-
tions live in countries where overweight and obesity kill more people than 
underweight. Obesity is defined by body mass index (BMI) which is calculated as 
weight in kilograms divided by height in meters squared. The resultant number is 
then used to stratify the degree of excess weight. Obese is the official term given 
when your BMI reaches 30. Morbid obesity is defined as a BMI over 40. Normal 
human BMI is considered 18–25 kg/m2.
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 History of Bariatric Surgery

The first surgical procedures for weight loss were performed in the 1950s and 
started at the University of Minnesota [2]. The procedure carried out at the time was 
the jejunoileal bypass (Fig. 30.1).

In the jejunoileal bypass, the proximal jejunum was transected and anastomosed 
to the distal ileum, bypassing a large amount of the small intestine which leads to 
significant malabsorption. This procedure had great weight loss due to the malab-
sorption, but had significant side effects including night blindness from lack of fat- 
soluble vitamins like vitamin A. Bacterial overgrowth of the bypassed intestine was 
also a problem that could lead to liver damage and cirrhosis. Many patients as a 
result had to have a reversal of this surgery [2].

In the 1960s, the gastric bypass (Fig. 30.2) was performed by Dr. Mason and Dr. 
Ito [3]. Since then a number of changes have occurred in technique ultimately lead-
ing to the current performance of laparoscopic gastric bypass today.

In this surgery, a small proximal pouch of stomach is separated from the larger 
stomach. The proximal jejunum is then transected and the distal end is brought up 
and connected to the small gastric pouch. The small pouch leads to satiety after a 
smaller volume of food is able to be taken in that then passes into the intestine. 
There is an element of malabsorption but not as significant as in the jejunoileal 
bypass. This is evidenced by fewer nutritional deficiencies particularly of fat- soluble 
vitamins with the gastric bypass as compared to the jejunoileal bypass.

Colon

Jejunum

Ileum Bypassed
small intestine

Jejuno-ileal bypass

Stomach

Fig. 30.1 Jejunoileal bypass
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Fig. 30.2 Gastric bypass

The patients who have the Roux-en-Y gastric bypass lose approximately 61.6% 
of their excess weight [4]. After a gastric bypass, however, it is recommended that 
patients no longer have oral NSAIDS or smoke due to a high marginal ulcer risk. 
Marginal ulcers are ulcers that form on the jejunal side of the gastrojejunostomy. 
These ulcers if deep enough can be the cause of significant GI bleeding or perfora-
tion requiring emergency surgery to repair them.
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The bypass also carries with it the risk of internal hernias, iron deficiency, as well 
as other vitamin deficiencies. Due to these potential complications, the sleeve has 
emerged as the most commonly performed bariatric procedure [5]. Fifty-nine per-
cent of all bariatric procedures carried out in 2017 were sleeves.

The sleeve gastrectomy (Fig. 30.3) is a two-thirds gastric resection of the greater 
curvature.

Food

Food + Digestive juices ©2020 Ethicon, Inc.
All rights reserved.

140941-200520

Digestive juices

Sleeve Gastrectomy

Fig. 30.3 Sleeve gastrectomy
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Fig. 30.4 Lap band

In the sleeve gastrectomy procedure, a bougie is inserted into the stomach 
which serves as a guide as to how wide to make the sleeve. Serial staplers are 
then used to the side of that bougie, removing the excess fundus. The excess 
fundus, labeled as resected stomach in Fig. 30.3, is completely removed from the 
abdomen.

This procedure results in an approximately 60–80% excess weight loss at 3 years 
for lower BMI patients [6]. The sleeve also allows patients to have oral NSAIDS after 
the staple line has healed. This is often an attractive option for patients who have 
chronic orthopedic issues or cardiac issues that require lifelong treatment with 
NSAIDS. There is also less of a risk of iron deficiency and no risk of internal hernia, 
since the intestine is not being rerouted. This has made the sleeve a very attractive 
option to many patients as either a primary procedure or staged procedure for higher 
risk BMIs.

The lap band (Fig. 30.4) came into favor in 1990s and was highly attractive to 
females who were still in their reproductive years.

There was no cutting or rerouting of the gastrointestinal track; hence, many 
felt more comfortable having this surgery. A silastic band was wrapped around 
the proximal stomach creating a 30cc pouch of stomach above the band. The band 
has an inner balloon that is filled with saline. That balloon can be adjusted by 
injecting or removing saline from a port buried on the anterior abdominal wall 
that connects via tubing to the band. The excess weight loss is approximately 
49% at 5 years [7]. Complications with the lap band included erosion, slippage, 
and dysphagia. It has since been mostly replaced with the vertical sleeve gastrec-
tomy which shows a better excess weight loss and does not have the issue of slip-
page or erosion.
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Table 30.1 Patient criteria for candidacy for bariatric surgery

Unsuccessful weight loss with dietary and exercise interventions, and one of the following

   BMI ≥ 40 kg/m2

   BMI 35–39.9 kg/m2 with ≥1 comorbidities such as type 2 diabetes mellitus, hypertension, or 
obstructive sleep apnea

   Per International Diabetes Federation criteria, BMI 30–34.9 kg/m2 with type 2 diabetes 
mellitus and failure to achieve glycemic treatment targets with an optimal medical regimen

Acceptable operative risk
Psychosocially stable with no active depression, psychosis, or substance abuse
Well-motivated patient, able to adhere to postoperative dietary restrictions

BMI indicates body mass index
Sources: National Institute of Health, and International Diabetes Federation

 Indications for Surgery

The indications to be eligible for consideration for bariatric surgery are straightfor-
ward (Table 30.1). Unsuccessful weight loss with dietary and exercise changes along 
with one of the following: Class III obesity defined as BMI > 40 kg/m2, Class II 
obesity defined as BMI 35–39.9 but with one or more comorbidities such as hyper-
tension, obstructive sleep apnea, or type 2 diabetes mellitus. However, to focus on 
the proven treatment of diabetes, you are eligible if you have a BMI of 30–34.9 k/
m2, type 2 diabetes mellitus, and failure to achieve glycemic control with optimal 
medical treatments. You must also pass a psychological evaluation and be free from 
active depression, psychosis, or substance abuse. The patient must have an accept-
able operative risk and be well motivated in order to adhere to postoperative dietary 
restrictions.

 Comorbidity Resolution

Bariatric surgery results in significant weight loss which leads to resolution or sig-
nificant improvement in many comorbid conditions such as sleep apnea, GERD, 
DM, HTN, and cholesterol [8, 9]. This chapter will focus on the cardiovascular 
benefits of weight reduction due to bariatric surgery.

 Metabolic Syndrome

Obesity, hypertension, insulin resistance, and dyslipidemia together form a cluster 
of risk factors labeled metabolic syndrome. Due to the significant and lasting weight 
loss achieved by bariatric surgery, all of these factors are favorably reduced. This 
results in a significant decrease in overall cardiovascular risk factors [10].
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 Hypertension

In the United States, 50% of hypertensive patients have obesity. Thirty-three percent 
of obese patients have high blood pressure compared to 20% of normal weight 
patients [11]. The effect bariatric surgery has on Hypertension (HTN) remission has 
been looked at in various trials [12–16]. These studies have shown remission rates 
of 60–70% for HTN 1 year out after bariatric surgery. Another study by Jakobsen 
looked at medically versus surgically treated patients out for 6.5 years. Remission 
rates for HTN were 32% in the surgical group versus 12% in the medical group. In 
addition, it has also been postulated that due to a decrease in inflammation as well 
as decreased insulin resistance, which could decrease arterial stiffness and affect 
sodium reabsorption, ultimately leading to decreased blood pressure [17]. Long- 
term effects of the reduction/resolution of hypertension after bariatric surgery were 
proven in the GAEWAY trial. More than 50% of the patients who underwent sur-
gery had complete remission of HTN, whereas no patients were free from antihy-
pertensive therapy at 12 months [18].

 Insulin Resistance/Type 2 Diabetes Mellitus

Perhaps the most impressive effect of bariatric surgery is its modulation of insulin 
sensitivity. In a ground breaking meta-analysis, it was reported that 76.8% of surgi-
cal patients experienced complete resolution of diabetes [4]. It was postulated that 
this occurred through intrinsic gut hormones in an entero-insular axis regardless of 
weight loss. Long-term studies quote a reduction of 13% of macrovascular compli-
cations, and reduction of 21% in microvascular complications [19].

When compared to medical therapy alone, bariatric surgery, specifically gastric 
bypass surgery had the greatest impact on reduction of glycated hemoglobin levels; 
specifically, a reduction of 2.9 percentage points versus a 1.4 reduction in the inten-
sive medical therapy alone [20].

 Heart Failure

Heart failure affects 6.2 million adults in the US and causes approximately 1 million 
hospitalizations per year. [21, 22]. Up to 40% of hospitalized patients for heart fail-
ure suffer from obesity [23]. In the Framingham heart study, it was found that obese 
patients have doubled the risk of developing heart failure compared with subjects 
with a normal BMI and identified weight as the third most important predictor of 
heart disease after age and dyslipidemia [24]. In the same study, 11% of male and 
14% of female cases of heart failure were directly correlated to obesity, and each 
incremental BMI rise of 1 kg/m2 increased the risk of heart failure by 5% for male 
subjects and by 7% for female subjects.
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Obese patients have larger left ventricular mass and wall thickness which lead to 
higher left ventricular diastolic filling pressure [25, 26]. It has been postulated that 
epicardial fat and intramyocardial triglyceride content are related. [27] Excess epi-
cardial fat may be directly cardiotoxic which might explain heart failure in obese 
patients [28, 29].

After bariatric surgery, it has been shown that there is an overall 22% reduced risk 
of mortality in surgical patients [30]. It has also been shown that the overall inci-
dence of heart failure is five times higher in nonsurgical obese patients compared to 
obese subjects who had surgery [30]. Another study looked at gastric bypass patients 
up to 12 years out, and found a reduced risk of heart failure and a lower risk of death 
from heart failure. This study revealed a statistically significant reduction in conges-
tive heart failure (p = 0.0077) for the gastric bypass cohort [31]. Roux-en-Y gastric 
bypass surgery has also been shown to decrease the incidence of new heart failure 
development compared to intensive lifestyle modification by almost 50% [32].

 LV Structure and Function

Some studies have shown that the weight loss with bariatric surgery can undo left 
ventricular remodeling.

It has been thought that weight loss can lead to decreased thickness of the left 
ventricular wall. In a small study by Peterson et al., wall thickness did decrease and 
fewer patients had heart failure symptoms [33].

In one study in bariatric surgery patients, LV mass declined by 32% and RV mass 
by 16% over 17 months post operatively. There was also found to be a linear 
decrease in LV mass and body mass index up to 17 months post-surgery [34].

Another study found that weight loss in patients undergoing gastric bypass was 
associated with reverse cardiac remodeling and improved LV and RV functions [35].

In a group of 52 bariatric surgery patients followed by echo at 6 months after 
surgery, there was a significant increase of left ventricular end systolic volume 
(LVESV) and left ventricular end diastolic volume [36].

A recent study looked at sleeve and bypass patients free of cardiac disease pre- 
and 6 months post-surgery using the new imaging modality of three-dimensional 
(3D) strain echocardiography. They found that bariatric surgery has an important 
effect in reverse LV and RV remodeling and it substantially improves RV longitudi-
nal strain [37].

 Angina Pectoris

Stable angina pectoris (SAP) affects about 8.2 million adults in the United States 
[38]. Approximately, 22,000 patients are hospitalized each year for SAP [39]. In a 
case series looking at Stable Angina Pectoris patients who had bariatric surgery, 
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they found that the rate of hospitalizations for SAP was lower by two-thirds after 
bariatric surgery [40]. This decrease was seen in the first year and continued up to 
year two post-surgery.

 Summary

It is still early on in the history of Bariatric surgery but multiple studies have 
proven the astronomical effects of surgically induced weight loss on cardiovascu-
lar health. It is effective in not only improving, but in fact, reversing, hypertension, 
diabetes, cholesterol, and sleep apnea, but also angina, CHF, LV structure, and 
function. More studies will be needed to see the effects of each different surgery 
on specific cardiac comorbidities. However, the trend of significant weight loss 
truly improves many factors that decrease the risk for cardiac disease and meta-
bolic syndrome.
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Chapter 31
Renin-Angiotensin-Aldosterone  
System in Diabetic Cardiovascular 
Complications

Vaidyanathapuram S. Balakrishnan

Well over half the mortality that is seen in the diabetic population can be ascribed to 
cardiovascular disease (CVD), which includes myocardial infarction due to acceler-
ated and premature atherosclerosis as well as diabetic cardiomyopathy. Results 
from multiple clinical trials have shown that angiotensin-converting enzyme (ACE) 
inhibitor [1–7] and angiotensin AT1 receptor blockers (ARBs) [8, 9] have a favor-
able impact on cardiovascular outcomes in patients with diabetes. This illustrates 
the key role that the renin angiotensin system (RAAS) plays in the development and 
progression of diabetic CVD. In this chapter, we will consider the role of RAAS and 
how it is a critical driver of most of the pathophysiologic mechanisms behind dia-
betic CVD and why targeting this system has emerged as a critical therapeu-
tic option.

 Effect of Diabetes on the Renin Angiotensin Aldosterone 
System (RAAS)

 Overview of the RAAS: Angiotensinases, Peptides, 
and Receptors

The renin-angiotensin-aldosterone system consists of a group of enzymes (angio-
tensinases), peptides, and their downstream cellular receptors whose main function 
is to control blood pressure by regulating vasoconstriction, sodium reabsorption, 
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- Control of glycemia in dh/db mouse.
- Improvement of insulin sensitivity and glucose tolerance
in diabetic animals.
- Reduction of oxidative stress and ADAM17 expression.
- Degradation and reduction of Ang II.
- Overexpression of ACE2 decreased pancreas fibrosis.

↑ Insulin secretion in animal models of diabetes.
↓ TGF-β1 expression.
 Reduction of type 2 diabetes incidence in high-risk
ndividuals.
↓ Intra-islet fibrosis. apoptosis and oxidative stress.

- ↓ Islet blood flow.
- ↓ Pro-insulin biosynthesis.
- Dose-dependent inhibition of glucose-dependent
insulin secrection.
- Stimulation of oxidative stress mechanism.

- ↑ AT1 receptors expression.
- ↑ Angiotensinogem mRNA.
- ↑ Endoplasmatic Reticulum stress markers.

↓ Intra-islet fibrosis. apoptosis oxidative stress
   and TGF-β1 expression.
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Fig. 31.1 Overview of the Renin–Angiotensin System. Ang II mediates most of its effects via the 
AT1 receptor. In addition, Ang II can also be further processed to generate additional biologically 
active peptides or inactive peptide fragments. Abbreviations: Ang angiotensin, ACE Angiotensin- 
converting enzyme, Ang III Angiotensin Arg2-Phe8, Ang IV Angiotensin Val3-Phe8, Ang-(1–7) 
Angiotensin Asp1-Pro7, AT-R Ang II receptor, DCP1 dipeptidyl carboxypeptidase 1, AMP amino-
peptidase, IRAP insulin-regulated aminopeptidase, PEP prolyl-endopeptidase, NEP neutral 
endopeptidase

and body fluid homeostasis. Angiotensin peptides are derived from circulating pre-
dominantly hepatic-derived angiotensinogen (AGT), a 452 amino acid protein in the 
serpin family that undergoes N-terminal proteolysis by renin, to generate the rela-
tively inactive decapeptide angiotensin I (Ang I) (Fig. 31.1). Renin is an aspartyl 
protease enzyme secreted as a prohormone by the juxtaglomerular apparatus of the 
kidney and activated to release active renin which is the rate-limiting enzyme of the 
RAS. Prorenin is produced by the juxtaglomerular cells in response to a variety of 
stimuli, including reduced renal perfusion pressure, sympathetic activation, and 
decreased sodium delivery to the macula densa. Recent studies have also shown that 
macrophages are an additional source of renin expression, which may have a critical 
role in atherosclerosis [2]. Cathepsin G and cathepsin D also have renin-like activi-
ties, which may substantially contribute to Ang I production by vascular smooth 
muscle cells (VSMCs) [10]. Once formed, Ang I is cleaved by angiotensin- 
converting enzyme-1 (ACE1) to produce the octapeptide angiotensin II (Ang II), 
which activates both angiotensin AT1 and AT2 receptor isotypes. There are other Ang 
1 processing pathways, including dipeptidyl carboxypeptidase 1, chymase, or 
cathepsin G.  The relative contributions of ACE1 and these alternative Ang 
I-processing pathways to Ang II generation appears to vary among specific tissues 
[11–13]. In the human heart in vivo, ACE1 appears to account for the majority of 
Ang II production [14]. Atherosclerotic plaques contain both ACE1 and chymase 
activity [15–17], suggesting that both pathways contribute to local Ang II genera-
tion within vascular lesions.
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In earlier studies, Ang I was also shown to be cleaved by the carboxypeptidase 
angiotensin-converting enzyme-2 (ACE2) to generate Ang (1–9) [18], which results 
in decreased Ang II production. However, this observation was countered by the 
demonstration that the catalytic efficiency of ACE2 against Ang II is 400-fold higher 
than for Ang I and leads to angiotensin Asp1-Pro7, Ang-(1–7) generation in many 
tissues [19]. In addition, it has been shown that the Ang-(1–7) G-protein coupled 
receptor Mas can hetero-oligomerize with AT1 receptor and by doing so, inhibit the 
actions of Ang II [20]. Targeted disruption of ACE2 in mice results in elevated levels 
of Ang II and severe cardiac contractile dysfunction [21]. Taking into account the 
enzymatic properties of the two ACEs and of the two main RAS mediators, Ang II 
and Ang-(1–7), RAAS appears to be a dual functional system in which the vasocon-
strictor/proliferative or vasodilator/antiproliferative actions are driven by ACE1/
ACE2 balance [22]. In addition, a direct conversion of Ang I to Ang-(I–7) was 
shown to be mediated by prolyl endopeptidase in vascular endothelial cells [23] and 
neutral endopeptidase in the circulation [24].

Ang II can undergo further proteolytic processing to generate additional biologi-
cally active peptides (Fig.  31.1). Conversion of Ang II to angiotensin Arg2-Phe8 
(Ang III) occurs primarily via aminopeptidase A with Ang III retaining its ability to 
activate the AT1 receptor [25, 26]. Ang III is a major effector peptide of the RAAS 
in the brain where it mediates neuronal effects on blood pressure control [27]. 
Aminopeptidase or endopeptidase cleavage of Ang II can also generate angiotensin 
Val3-Phe8 (Ang IV), which appears to activate endothelial nitric oxide synthase 
activity and thereby increases blood flow [28, 29]. Ang IV has been reported to bind 
the insulin-regulated aminopeptidase (IRAP), which may indirectly affect neuro-
peptide half-life [30]. However, a role of the AT1 receptor in mediating Ang IV 
action has also been reported [31].

Ang II has two main receptors: Ang II type 1 (AT1) and Ang II type 2 (AT2) 
receptors. The AT1 receptor appears to mediate most of the growth promoting meta-
bolic and gene regulatory actions of Ang II [32, 33]. The pressor response to Ang II 
infusion is abolished in AT1 receptor null mice [34]. However, while Ang II is the 
major agonist for the AT1 receptor, there is evidence that Ang III, Ang IV, and 
mechanical stress can also utilize this receptor pathway [26, 31, 35]. On the other 
hand, AT2 receptor is highly expressed in differentiated fetal mesenchymal tissue 
and appears to have a regulatory role in fetal development [36]. AT2 receptor is gen-
erally reported to mediate effects opposing and counterbalancing those mediated by 
AT1 receptor (Fig.  31.1), such as vasodilatation and antiproliferation [37]. For 
instance, AT2 receptor-knockout mice exhibit high blood pressure and increased 
vascular sensitivity to Ang II and AT2 receptor deficiency in mice has been shown to 
exacerbate atherosclerosis [38]. However, although treatment with AT1 receptor 
blockers presumably causes increased stimulation of AT2 receptors, the potential 
contributions of the AT2 receptor in clinical outcomes or complications of diabetes 
remains to be determined.

Ang II is also a powerful stimulus for aldosterone secretion by the adrenal gland, 
mediated by its interaction with AT1 receptor in the adrenal cortex. In addition to 
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circulating Ang II, local production of Ang II occurs in the zona glomerulosa and 
may play an important role in aldosterone release [39]. Aldosterone binds to the 
mineralocorticoid receptor in various tissues and induces multiple effects. Its major 
action is in the kidney, where it increases expression of epithelial sodium channels 
in the cortical collecting tubular epithelial cells leading to enhanced sodium and 
water reabsorption and potassium secretion. This leads to an increase in effective 
circulating volume, increased blood pressure, and decrease in serum potassium 
[40]. In addition to the distal nephron, aldosterone effects change binding to its 
mineralocorticoid receptor in other tissues, including the heart, vascular smooth 
muscle cells, and adipocytes. Clinical studies have confirmed associations between 
high circulating aldosterone levels and hypertension, central obesity, glucose intol-
erance, left ventricular hypertrophy, and heart failure [41–43].

 Activation and Imbalance of the RAAS in Diabetes

There is significant evidence for upregulation of the RAAS in diabetes. Miller and 
colleagues observed an increase in plasma renin activity, mean arterial pressure, and 
renal vascular resistance in the early stages of diabetes [44]. It was also shown that 
losartan lowered blood pressure more under hyperglycemic than euglycemic condi-
tions and captopril and eprosartan caused a greater renal vasodilator response dur-
ing hyperglycemia, suggesting that glucose levels were associated with an activation 
of RAAS, increasing the sensitivity to RAAS antagonism [45]. Consistent with 
these observations, direct renin inhibition with aliskiren led to significant improve-
ment in left ventricular hypertrophy and end-systolic volume only in patients with 
diabetes [46].

There are several mechanisms underlying activation of the RAAS in diabetes. 
Hyperglycemia directly stimulates local Ang II production in cardiomyocytes [47], 
cardiac fibroblasts [48], and endothelial cells [49]. Studies using cardiac myocytes 
suggest that the mechanism by which hyperglycemia increases Ang II activity in the 
heart is by the generation of intracellular Ang II by intracellular chymase [50].

Hyperglycemia leads to p53 glycosylation which has been linked to the tran-
scription of angiotensinogen and subsequent production of Ang II from the local 
RAAS [51, 52]. Fiordaliso and colleagues demonstrated a direct correlation between 
the degree of hyperglycemia, p53 expression, and the quantity of Ang II. Ang II 
synthesis increased with the degree of hyperglycemia and this was attenuated by 
inhibition of p53 glycosylation [53].

Several metabolic abnormalities associated with hyperglycemia including 
advanced glycation end products, which form after prolonged hyperglycemia and 
oxidative stress, dyslipidemia, and low-grade inflammation can stimulate the Ang 
II/ AT1 pathway by upregulating AT1 expression [54–56].

Another mechanism that leads to enhancement of Ang II/ AT1 activity is the 
downregulation of ACE2 which not only promotes Ang II activity but also reduces 
local Ang-(1–7) leading to an imbalance of the RAAS [36]. Tikellis and 
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colleagues showed that the induction of diabetes was associated with a significant 
reduction of ACE2 expression and activity in the heart and vasculature together 
with a significant increase in circulating Ang II and reduction of Ang–(1–7) lev-
els [57].

Additional factors, including parasympathetic nervous activation, hypovolemia, 
and sodium reabsorption, may affect the regulation of the RAAS in diabetes. While 
changes in individual components of this system may affect overall RAAS activity, 
interpretation of these changes is limited by the potential of downstream modula-
tion of Ang II action or stability. Moreover, since the RAAS appears to be locally 
regulated, it may not be appropriate to extrapolate changes in RAAS component 
levels beyond the specific tissues and conditions studied.

 Ang II Sensitivity in Diabetes

Diabetes may increase RAAS action in the vasculature by increasing its sensitivity 
to the effects of Ang II. Both increased systemic and renal sensitivity to the pressor 
effects of Ang II have been reported in diabetes [58, 59], as well as in diabetic 
patients with microvascular disease [60, 61]. In cultured VSMCs, elevating extra-
cellular glucose from 5 to 25 mM has been shown to exert additive and/or potenti-
ating effects on Ang II-induced activation of the ERK/MAP Kinase and the JAK/
STAT pathway [62, 63]. The effects of diabetes on enhancing Ang II action could 
be mediated by increases in AT1 receptor expression, changes in post-receptor sig-
naling mechanisms, and/or a reduction in cellular signals that suppress AT1 
responses. STZ-induced diabetes upregulates AT1 receptor levels in the heart of 
rats [64, 65] and within atherosclerotic lesions in apolipoprotein E (apoE)-defi-
cient mice [66]. Elevated concentrations of extracellular glucose increase AT1 
receptor expression in cultured VSMC [67]. While these increases in AT1 expres-
sion may affect Ang II sensitivity and/or maximal effect in these vascular target 
tissues, physiological relevance of these changes in receptor levels as a rate-limit-
ing determinant in Ang II action has not yet been demonstrated. In addition, the 
synergistic effects of Ang II and high glucose could be mediated by the conver-
gence of these agonists on signaling pathways, such as protein kinase C and 
NADPH oxidase [68].

A number of factors have been shown to attenuate AT1 signaling and action in the 
vasculature. The angiotensin AT2 receptor has been shown to inhibit or counteract 
many of the trophic effects of AT1 [32]. Thus, the relative expressions of AT1 and 
AT2 receptors subtypes may be important determinants in modulating the actions of 
the Ang II/AT1 signaling pathway. In addition, activation of other vascular hormones 
systems induces signals that oppose or interfere with AT1 signaling. For instance, 
nitric oxide donors have been shown to reduce Ang II-stimulated growth, migration, 
and gene expression in a variety of cultured vascular cells [69, 70]. A role of nitric 
oxide in suppressing AT1 action is particularly intriguing since impaired nitric oxide 
actions are components of endothelial dysfunction in diabetes [71, 72]. Thus, nitric 
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oxide release by endothelial cells may normally suppress or oppose AT1 action, and 
the impairment of this endothelial function in diabetes may lead to enhanced activ-
ity of the Ang II/AT1 pathway.

 Role of the RAAS in Cardiovascular Disease in Diabetes

 Role of the RAAS in Atherogenesis in Diabetic Animal Models

Patients with diabetes are at much higher risk of developing atherosclerosis than 
non-diabetic subjects. Hypertension, dyslipidemia, obesity, and hyperglycemia only 
partly explain this increased incidence of microangiopathy and macroangiopathy. 
Although there is considerable evidence that the RAAS has a role in vascular 
remodeling, inflammation, thrombosis, and atherogenesis [73–75], the role of this 
system in atherosclerosis in the context of the other diabetes-associated cardiovas-
cular risk factors is not fully understood. A growing body of evidence from both 
clinical studies and experiments in diabetic rodent models suggested that the RAAS 
contributes to CVD in both type 1 and type 2 diabetes.

The apolipoprotein E (apoE)-deficient mouse has increasingly been used as an 
experimental model of atherosclerosis, developing lesions ranging from lipid-laden 
fatty streaks to advanced fibroproliferative lesions by the age of 30 weeks [76]. 
Further, the induction of diabetes in these mice for a relatively short period of 6 
weeks was associated with accelerated atherosclerosis in the aortic arch [77]. 
Induction of diabetes by injection of streptozotocin (STZ) in 6-week-old apoE- 
deficient mice was associated with a fourfold increase in atherosclerotic plaque area 
compared with non-diabetic animals [78]. This accelerated atherosclerosis was 
associated with a significant increase in aortic ACE expression and activity and con-
nective tissue growth factor and vascular adhesion molecule-1 expression [78]. 
Treatment of STZ-induced diabetic apoE-deficient mice with the ACE inhibitor, 
perindopril, reduced lesion area, macrophage infiltration, and collagen content [78]. 
A similar reduction in aortic plaque area was observed in STZ-induced diabetic 
apoE-deficient mice treated with the AT1 receptor antagonist, irbesartan [66]. Both 
ACE and AT1 receptor expressions were increased in aortic lesions in the diabetic 
apoE-deficient mice, suggesting that the Ang II/AT1 pathway was upregulated 
within the atherosclerotic plaque and contributed to the accelerated lesion formation 
in this model. Multiple factors may contribute to the increased expressions of ACE 
and the AT1 receptor in atherosclerotic lesions in diabetes. As previously mentioned, 
hyperglycemia can increase both Ang II production and AT1 expression [67, 79]. 
Alternatively, the upregulation of AT1 receptor expression could be mediated by 
diabetes-induced inflammation. Elevated levels of C-reactive protein (CRP) have 
been associated with atherosclerosis in diabetic patients [80], and transgenic over-
expression of CRP in apoE-deficient mice induces a sixfold increase of AT1 receptor 
expression in atherosclerotic lesions [81]. There is also increasing recognition of the 
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role of the receptor for advanced glycation end products (RAGE) in the potentiation 
of diabetes-associated atherosclerosis. Diabetic RAGE/apoE double-knockout mice 
(RAGE/apoE DKO) showed significantly less plaque area than diabetic apoE 
knockout mice [82]. Further, treatment with quinapril for 20 weeks almost com-
pletely abolished plaque deposition in the diabetic RAGE/apoE DKO mice, with 
significant attenuation of vascular collagen deposition and reduced macrophage 
infiltration [82].

Proximal blockade of RAS by renin inhibition has also emerged as a potential 
therapeutic strategy to inhibit RAAS and lower blood pressure. Treatment with the 
novel renin inhibitor aliskiren over a broad dose range to fat-fed LDL receptor- 
deficient (Ldlr−/−) mice markedly reduced the size of atherosclerotic lesions in both 
aortic arch and the root [83]. Although the evidence for beneficial effects of aliski-
ren on CVD is still lacking, clinical studies have demonstrated its blood pressure- 
lowering and renoprotective effects in diabetes [84, 85].

 Effects of RAAS Inhibition on CVD Outcomes 
in Diabetic Patients

Several large randomized clinical trials have provided compelling evidence that 
RAAS inhibitors reduce cardiovascular events and mortality related to acute myo-
cardial infarction (MI) and heart failure [86, 87]. Many of these trials involved sub-
groups of patients with diabetes, and comparison of the relative effects of RAS 
inhibition in diabetic and non-diabetic subgroups in these studies provides impor-
tant insight into the role of RAAS in CVD in diabetes.

In a substudy of the EUROPA study (PERSUADE), a total of 1502 diabetic 
patients with known coronary artery disease were randomized to perindopril or pla-
cebo. Perindopril treatment was associated with a reduction in major cardiovascular 
events compared to placebo [6]. In the ADVANCE trial, patients with type 2 diabe-
tes were randomized to treatment with a fixed dose combination of perindopril and 
indapamide or matching placebo. The perindopril and indapamide combination 
resulted in a significant reduction in major vascular events, including death [3]. In 
the UK prospective diabetes study (UKPDS), the effects of tight and less tight blood 
pressure control by the ACE inhibitor, captopril, or the beta-blocker, atenolol, were 
compared in patients with both hypertension and type 2 diabetes. This study dem-
onstrated that tight blood pressure control was more effective than less tight control 
in reducing macrovascular endpoints, including stroke and deaths related to diabe-
tes [7, 88]. In addition, results indicated that captopril and atenolol were equally 
effective in reducing cardiovascular outcomes. These results from the UKPDS and 
several other clinical trials [89, 90], have led to a consensus in many national and 
internal guidelines to aim for lower BP targets in patients with diabetes.

A key question regarding the cardiovascular protection afforded by antihyperten-
sive agents, including inhibitors of the RAAS is whether these effects are related 
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primarily to reduction in blood pressure or whether these agents provide additional 
protective effects. This issue has been addressed in a number of clinical trials involv-
ing hypertensive patients with type 2 diabetes.

The Appropriate Blood Pressure Control in Diabetes (ABCD) trial compared 
the effects of moderate and intensive blood pressure control using a dihydro-
pyridine calcium channel blocker, nisoldipine, and an ACE inhibitor, enalapril, 
on hypertension in patients with type 2 diabetes [91]. While achieved blood 
pressure was equivalent with these two interventions for both the moderate and 
intensive treatment protocols, the incidence of MI was substantially higher in 
the calcium channel blocker-treated group compared with the ACE inhibitor 
group [92]. Although cardiovascular outcomes were a secondary endpoint, this 
study suggests that ACE inhibition may have protective effects against MI that 
go beyond its blood pressure-lowering effect. Similar results were reported for 
the Fosinopril Versus Amlodipine Cardiovascular Events (FACET), an open-
label study that randomly assigned 380 patients with type 2 diabetes and hyper-
tension to fosinopril or amlodipine. Although the ACE inhibitor and calcium 
antagonist were similarly effective in blood pressure reduction, the risk of 
major cardiovascular events was significantly lower in the ACE inhibitor-treated 
group [5]. The Swedish Trial in Old Patients with Hypertension-2 (STOP-2) 
compared treatment of hypertension between ACE inhibitors, calcium channel 
blockers, and beta-blockers with diuretics. In a post hoc subgroup analysis of 
patients with type 2 diabetes, achieved blood pressure was equivalent among 
the three groups, but as in the ABCD trial, the risk for myocardial infarction 
was significantly lower in the ACE inhibitor group compared to the other two 
treatment arms [93].

The Heart Outcomes Prevention Evaluation (HOPE) study was a large, random-
ized placebo-controlled trial with wide entry criteria which examined the hypothe-
sis that ACE inhibition using ramipril and vitamin E would reduce cardiovascular 
events in patients with multiple risk factors. The MICRO-HOPE (Microalbuminuria, 
Cardiovascular, and Renal Outcomes-Heart Outcomes Prevention Evaluation) trial 
was a substudy of the HOPE trial that recruited 3577 patients with diabetes (the 
majority with type 2) age 55 years and older with evidence of vascular disease or 
other cardiovascular risk factors (hypercholesterolemia, hypertension, microalbu-
minuria, smoking) randomized to receive placebo or ramipril for 5 years. The ACE 
inhibitor component of the trial was discontinued after 4.5 years because of a sig-
nificant reduction in the composite primary endpoint of myocardial infarction, 
stroke, and death from cardiovascular disease in the ramipril group. The beneficial 
effects of ACE inhibition occurred in both type 1 and type 2 diabetic patients and 
was independent of its effects on blood pressure [4]. Ramipril also reduced the 
development of overt nephropathy in subjects with microalbuminuria. While it is 
likely that multiple mechanisms contributed to the reduction of cardiovascular end-
points following RAS inhibition, another substudy of the HOPE trial has shown that 
the ACE inhibitor-treated group had a reduced rate of progression in carotid intimal- 
medial thickness [94], which is consistent with a reduction in atherosclerosis. The 
Losartan Intervention for Endpoint reduction in hypertension (LIFE) study was a 
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double-blind, prospective, parallel group study designed to compare the effects of 
losartan with those of atenolol on the reduction of cardiovascular morbidity and 
mortality in approximately 8300 patients with hypertension and left ventricular 
hypertrophy. A subgroup of this study compared the effects of losartan and atenolol 
in diabetic patients [95]. Patients were followed for a mean of 4.7 years. This study 
reported the primary composite cardiovascular endpoint, including cardiovascular 
death, stroke, and myocardial infarction, was lower in the patients assigned to the 
losartan treatment group (relative risk 0.76, P = 0.031). Since similar reductions in 
blood pressure were observed with losartan and atenolol, this study suggests that 
AT1 receptor antagonism can provide beneficial cardiovascular effects beyond blood 
pressure control.

The potential clinical benefits of dual blockade of RAAS with an ACE inhibitor 
and ARB in patients with vascular disease or high-risk diabetes without heart failure 
was investigated in the ONgoing Telmisartan Alone and in combination with 
Ramipril Global Endpoint Trial (ONTARGET) [96]. Patients were randomly 
assigned to ramipril, telmisartan, or their combination (n = 25620). At a median 
follow-up of 56 months, the primary outcome had occurred in 1412 patients in the 
ramipril group (16.5%), as compared with 1423 patients in the telmisartan group 
(16.7%; relative risk, 1.01; 95% confidence interval (CI), 0.94–1.09). In the combi-
nation therapy group, the primary outcome occurred in 1386 patients (16.3%; rela-
tive risk, 0.99; 95% CI, 0.92–1.07) as compared with the ramipril group, and there 
was an increased risk of hypotensive symptoms (4.8 vs. 1.7%, P < 0.001), syncope 
(0.3 vs. 0.2%, P = 0.03), and kidney dysfunction (13.5 vs. 10.2%, P < 0.001). These 
findings suggest that the combination of the two drugs was associated with more 
adverse events without an increase in benefit [96].

In recent years, there has been growing interest in the heptapeptide Ang-(1–7), 
given its ability to counteract many of the effects of Ang II. The inhibitory effects of 
Ang-(1–7) on Ang II-induced vasoconstriction, and its growth inhibitory, anti- 
arrhythmogenic, and antithrombogenic effects imply that Ang-(1–7) may be a 
potential therapeutic target for development of new drugs [22]. Ang-(1–7) binds to 
MasR (Ang-(1–7) G-protein coupled receptor Mas) to trigger eNOS and Akt phos-
phorylation [97], and stimulates the release of NO and prostaglandins. Overexpression 
of catalase or administration of Ang-(1–7) normalizes oxidative stress and systolic 
hypertension in Akita diabetic mice (a mouse model of type 1 diabetes) and the 
effect of Ang-(1–7) can be reversed after treatment with MasR antagonist A-779, 
indicating that the antihypertensive effect of Ang-(1–7) is mediated at least partially 
through suppression of oxidative stress in diabetes [98, 99]. Administration of a 
non-peptide Ang-(1–7) receptor agonist, AVE0991, rescued cardiac function under 
diabetic conditions as indicated by a normalization of blood pressure and contractil-
ity parameters in rats [100, 101]. A recent study has demonstrated a role for endog-
enous Ang-(1–7) as an exogenous treatment with the peptide, reducing 
ischemia-induced cardiac dysfunction in diabetic hypertensive rats [102]. These 
findings are consistent with the hypothesis that the RAS is capable of self-regulating 
its activity through the formation of Ang-(1–7).
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 Effects of ACE Inhibition Following Acute Myocardial 
Infarction on Cardiovascular Outcomes in Diabetes

The role of ACE inhibition in patients with acute myocardial infarction (MI) and 
diabetes has been evaluated by post hoc analyses of some large clinical trials. The 
GISSI-3 study evaluated the effects of ACE inhibition on short-term clinical out-
comes following acute myocardial infarction (MI) in a study population of 18,131 
patients, of whom 2790 had a history of diabetes. Patients with suspected acute 
myocardial infarction were randomized to treatment with lisinopril with or with-
out nitroglycerin within 24 h and continued for 6 weeks. A retrospective analysis 
showed that treatment with the ACE inhibitor was associated with a decrease in 
6-week mortality in diabetic patients that was more pronounced when compared 
to patients without diabetes [2]. The overall risk reduction by ACE inhibitor 
treatment for the diabetic group was 32%, compared with a risk reduction of 5% 
for non- diabetic patients. Within the diabetic group, ACE inhibitor treatment 
reduced mortality rates for both insulin-dependent (IDDM) and non-insulin-
dependent diabetes mellitus (NIDDM) patients by 49% and 27%, respectively. 
The survival benefit in diabetic patients was mostly maintained at 6 months 
despite withdrawal from treatment at 6 weeks. While this report indicates that the 
benefit of ACE inhibitor treatment in the diabetic group was greater than that for 
the non-diabetic group, the basis for this difference is unclear. Although the base-
line characteristics for the treated and untreated groups were closely matched, 
overall, the diabetic group appeared to have had worse baseline characteristics 
than the non-diabetic group. The subgroup analyses performed in this report did 
not reveal an association between ACE inhibitor effects and baseline characteris-
tics or physiological responses. Characterization of the diabetic population did 
not include measures of glycemic control, duration of diabetes, kidney function, 
or for IDDM, classification of type 1 vs. type 2 diabetes. Thus, while this pro-
vocative study suggests the ACE inhibition provided selective protective effects 
for the diabetic subgroup, the absence of information regarding glycemic control 
and kidney function among treated and placebo groups limits the interpretation 
of these results.

The Survival of Myocardial Infarction Long-Term Evaluation (SMILE) trial was 
a randomized, double-blind, placebo-controlled study that evaluated the effect of an 
ACE inhibitor zofenopril in reducing the morbidity and mortality of patients with 
anterior MI not undergoing thrombolysis and treated within 24 h of onset of symp-
toms. A post hoc analysis of this study compared the efficacy of the ACE inhibitor 
in patients with and without diabetes [103]. Among the overall study population of 
1512 patients, 303 (20%) had diabetes. After 6 weeks of treatment, zofenopril 
resulted in a more significant reduction in the composite outcome of death and 
severe congestive heart failure in diabetic patients compared to patients without 
diabetes. Interestingly, 1-year mortality was significantly reduced among non- 
diabetic patients, whereas in the diabetic population, the decrease did not achieve 
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statistical significance. The lesser impact on 1-year mortality indicates that long-
term treatment is probably required to maintain the benefits of early ACE inhibition 
in patients with diabetes.

A retrospective analysis of data from the Trandolapril Cardiac Evaluation 
(TRACE) study compared the effects of ACE inhibitor therapy in diabetic and non- 
diabetic patients with left ventricular dysfunction following acute MI. In this study, 
ACE inhibitor was given 3–7 days after acute MI with a mean follow-up time of 26 
months. Treatment with trandolapril resulted in a 36% reduction in risk of all-cause 
mortality in the diabetic group as compared to an 18% risk reduction among non- 
diabetic subjects. In the diabetic group, trandolapril resulted in an even more 
impressive reduction in the risk of progression to severe heart failure by just over 
60% compared with a non-significant effect in the non-diabetic group [1]. ACE 
inhibitor treatment was associated with a trend for a greater relative risk reduction 
for cardiovascular and sudden death in the diabetic group compared with the non- 
diabetic group. Thus, data from this study indicated that patients with diabetes mel-
litus who have suffered an acute MI complicated by left ventricular dysfunction 
derive a substantial benefit from long-term ACE inhibition.

As with the GISSI-3 and SMILE study, the reason for the larger effects of ACE 
inhibitors in diabetic patients is unclear. Perhaps, it may be related to worse baseline 
CVD in the diabetic group. Alternatively, differential responses for diabetic and 
non-diabetic groups may suggest that ACE inhibition normalizes or compensates 
for specific cardiovascular abnormalities caused by diabetes.

 Effects of RAAS Inhibition in Heart Failure

Several observational studies have consistently shown a two- to fourfold increased 
risk of heart failure in individuals with DM compared with those without DM. The 
risk may be higher in younger individuals and in women compared with men [104]. 
It is clear from multiple clinical trials that included substantial numbers of patients 
with diabetes that RAS inhibitors have similar efficacy in patients with and without 
diabetes. An early study, the Consensus clinical trial, evaluated the influence of 
ACE inhibition on the prognosis of severe congestive heart failure. The addition of 
enalapril to conventional heart failure therapy reduced mortality by as much as 
31% at 1 year and improved heart failure symptoms [105]. A meta-analysis of six 
clinical trials of ACE inhibitors in heart failure with reduced ejection fraction 
(HFrEF) that stratified data by diagnosis of diabetes included 2398 patients with 
diabetes and 10,188 patients without diabetes. The analyses showed that the sur-
vival benefit of ACE inhibitor therapy was virtually the same for patients with and 
without diabetes (RR 0.84 and 0.85, respectively) [106]. It is important to note that 
the absolute reduction in mortality with ACE inhibitors in individuals with DM is 
substantial because of their higher baseline mortality risk. Similar results were 
noted in major heart failure trials involving angiotensin receptor blockers. For 
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instance, in the Candesartan in Heart failure-Assessment of Reduction in Mortality 
and morbidity (CHARM) study that involved patients with symptomatic heart fail-
ure and a broad range of EF, the effect of candesartan in reducing cardiovascular 
mortality and morbidity was not modified by diabetes status [107]. Further, a 
recent subgroup analysis of PARADIGM-HF (Prospective Comparison of ARNI 
with an ACE inhibitor to Determine Impact on Global Mortality and Morbidity in 
Heart Failure) demonstrated similar benefit on outcomes with the angiotensin 
receptor blocker neprilysin inhibitor (ARNI) sacubitril–valsartan in patients with 
and without DM [108].

 Role of Mineralocorticoid Receptor Antagonists in Heart Failure

The mineralocorticoid receptor antagonists (MRAs), spironolactone and eplere-
none, are recommended for patients with symptomatic heart failure who have an 
ejection fraction of 35% or less [109]. They are also recommended to reduce mor-
bidity and mortality following an acute MI in patients who have an ejection fraction 
of 40% or less who are symptomatic or who have a history of diabetes mellitus 
[109]. Although the role of MRAs in patients with ejection fraction greater than 
35% is unclear [110, 111], they may benefit patients with comorbidities, such as 
diabetes, hypertension, or kidney disease [112].

Despite guideline recommendations and evidence from clinical trials, MRA use 
in patients with heart failure with reduced ejection fraction is underutilized in clini-
cal practice [113]. This is largely related to the risks of hyperkalemia and worsening 
kidney function in patients with heart failure who have diabetes and/or chronic kid-
ney disease [114–116], although these medications are potentially beneficial in 
these higher-risk populations.

The major clinical trials of MRA therapy in heart failure have produced con-
flicting results with respect to the benefits of this therapy in high-risk subgroups. 
The RALES (Randomized Aldactone Evaluation Study) study of patients with 
reduced ejection fraction and severe symptomatic heart failure showed that spi-
ronolactone, in addition to standard therapy, substantially reduced the risk of both 
morbidity and death among these patients with median serum creatinine of 1.2 mg/
dl or greater [117]. Subgroup analyses from EMPHASIS-HF (Eplerenone in Mild 
Patients Hospitalization and Survival Study in Heart Failure) that included patients 
with reduced ejection fraction and mild symptoms also showed that eplerenone 
had a benefit for the primary endpoint of cardiovascular death or heart failure hos-
pitalization in patients with a history of diabetes mellitus and in patients with an 
estimated glomerular filtration rate less than 60 ml/min/1.73 m2 [118]. However, 
among patients with acute myocardial infarction complicated by left ventricular 
dysfunction and heart failure, the EPHESUS study (Eplerenone Post-Acute 
Myocardial Infarction Heart Failure Efficacy and Survival Study) did not find a 
significant benefit for eplerenone for the outcomes of all-cause mortality and death 
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or hospitalizations from cardiovascular disease in patients with diabetes mellitus 
or those with serum creatinine of 1.1 mg/dl or greater. This trial, however, was not 
designed with sufficient power to draw statistical conclusions about individual 
subgroups [119].

The TOPCAT trial (Treatment of Preserved Cardiac Function Heart Failure with 
an Aldosterone Antagonist) evaluated the effects of spironolactone in patients with 
heart failure and a preserved left ventricular ejection fraction. Treatment with spi-
ronolactone did not significant reduce the primary composite outcome of death 
from cardiovascular causes, aborted cardiac arrest, or hospitalization for heart fail-
ure including in the subgroup of patients with a history of diabetes mellitus or with 
an estimated glomerular filtration rate less than 60 ml/min/1.73 m2 [110]. However, 
in a post hoc analysis, an unusually large difference was identified in the placebo 
group primary event rate among the patients randomized from Russia and Georgia 
compared with those enrolled from the United States, Argentina, Brazil, and Canada 
(the Americas) [110]. Further, in patients randomized in the Americas, the rates of 
cardiovascular death and hospitalization for heart failure were significantly reduced 
by spironolactone. This regional variation was likely related to marked dissimilari-
ties in baseline variables between the study populations from the two regions [120]. 
Further analysis of patients with heart failure and preserved ejection fraction 
enrolled in the TOPCAT trial showed that natriuretic peptide levels were indepen-
dently associated with an increased risk for all-cause mortality, death from cardio-
vascular disease, or hospitalizations for heart failure. Interestingly, there was a 
significant interaction between the effect of spironolactone treatment and natriuretic 
peptide levels, with most of the beneficial effects of spironolactone seen in patients 
with low levels of natriuretic peptides and no effect noted in the patients with high 
levels. However, a degree of caution is warranted in accepting these results given the 
post hoc subgroup nature of this analysis.

A more recent study used registry data linked to Medicare claims and ana-
lyzed patients hospitalized with heart failure between 2005 and 2013 with a his-
tory of diabetes mellitus or chronic kidney disease and stratified patients by MRA 
use at discharge. Among patients with heart failure and diabetes mellitus or 
chronic kidney disease, MRA use was associated with lower risk of all-cause 
readmissions to hospital despite a higher risk of hyperkalemia and acute renal 
insufficiency [112].

 Mechanisms of RAAS-Induced Cardiovascular Diseases

 Pressure and Hemodynamic Effects

The blood pressure effects of Ang II are mediated via a combination of mechanisms, 
including vasoconstriction, stimulation of renal tubular sodium resorption, as well 
as its effects on the central and sympathetic nervous tissues [121]. Since 
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hypertension exacerbates diabetic vascular complications [122], it is likely that the 
blood pressure-lowering effects of ACE inhibitors are a major contributor to the 
reduction of vascular complications in diabetic patients with hypertension [88]. 
However, there is growing evidence that ACE inhibitors may also provide beneficial 
vascular effects in diabetes in the absence of systemic hypertension. Several large 
studies have demonstrated that ACE inhibition can reduce renal, retinal, and cardio-
vascular complications in normotensive diabetic patients. While a small reduction 
in systemic blood pressure within the normotensive range may contribute to the 
vasoprotective effects of ACE inhibition, the magnitude of these effects is greater 
than that which would be predicted based on the magnitude of these blood pressure-
lowering effects alone. Local upregulation or sensitization of the RAAS can result 
in tissue- specific increases in Ang II action, which may not significantly affect sys-
temic blood pressure. These local changes in the RAAS can affect hemodynamics 
and pressure within certain vascular structures, such as the renal glomerulus. RAS 
inhibition has been shown to alleviate glomerular capillary hypertension caused by 
efferent arteriolar vasoconstriction induced by diabetes (“Effects of Ramipril on 
Cardiovascular and Microvascular Outcomes in People with Diabetes Mellitus: 
Results of the HOPE Study and MICRO-HOPE Substudy. Heart Outcomes 
Prevention Evaluation Study Investigators” 2000) [123]. Thus, in addition to sys-
temic blood pressure control, ACE inhibition can also affect local hemodynamics 
and pressure. Multiple mechanisms may mediate the detrimental vascular effects 
associated with mechanical stress caused by hypertension. Mechanical stress stimu-
lates cardiomyocytes to release Ang II, which induces an autocrine hypertrophic 
response [124]. A recent report has shown that mechanical stretch also induces Ang 
II-independent activation of the AT1 receptor [35]. Interestingly, this mechanical 
stretch response blocked the AT1 antagonist candesartan but not the Ang II competi-
tive inhibitor (Sar1, Ile8)-Ang. In addition, increased shear stress and mechanical 
stretch can activate vascular calcium transport, TGF-beta, and purinoceptors 
[125–127].

 Intravascular Actions of the RAS

In addition to its potent effects on vasoconstriction and blood pressure control, Ang 
II also exerts a variety of effects on vascular biology, which are independent of vas-
cular tone and pressure. AT1 receptors are expressed in most vascular cell types, 
including endothelial and VSMC, cardiomyocytes, and cardiac fibroblasts [13]. 
Activation of these receptors affects a diverse array of vascular cell functions, 
including growth, migration, oxidant production, and gene expression [121]. 
Overproduction of Ang II and/or increased Ang II sensitivity within the vasculature 
tissues may stimulate these cellular processes and thereby contribute to vascular 
remodeling, hypertrophy, fibrosis, thrombosis, and atherosclerosis. Consistent with 
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this hypothesis, ACE inhibition and AT1 blockade have been shown to reduce peri-
vascular fibrosis and PAI-1 and matrix metalloprotease expression in normotensive 
insulin-resistant diabetic rodents [128, 129]. In addition, AT1 antagonism has been 
shown to reduce neointimal thickening of balloon catheter-injured vessels in dia-
betic Wistar fatty rats [130]. Local activation of the RAS may have particular impor-
tance at sites of vascular injury or atherosclerosis, which have locally elevated 
ACE- and chymase-mediated Ang II production as well as upregulation of AT1 
receptors [130]. Activation of AT1 receptors expressed on monocytes and macro-
phages may contribute to atherogenesis by increasing arterial thrombosis and 
inflammatory responses [131–133]. Given that components of Ang II generation 
and Ang II receptors (AT1 and AT2) are co-expressed in RAS target tissues, and the 
half-life of circulating Ang II is only 14–16 s [134, 135], it is likely that autocrine/
paracrine actions of the RAS system play a major role in its blood pressure- 
dependent and -independent effects in vascular tissues.

 Endothelium-Dependent Vasodilatation

Endothelial dysfunction associated with impaired production and/or stability of 
nitric oxide occurs in both type 1 and type 2 diabetic patients [71, 72], as well as in 
obese insulin-resistant subjects [136]. Multiple mechanisms contribute to impair-
ment in endothelium-dependent vasorelaxation in diabetes, including the oxidative 
inactivation of nitric oxide, reduced endothelial nitric oxide synthase (eNOS) 
expression, reduced eNOS activity, vascular insulin resistance, elevation of circulat-
ing levels of asymmetric dimethylarginine (an endogenous NOS inhibitor), and a 
deficiency in tetrahydrobiopterin, a cofactor for eNOS [137–140].

Both ACE inhibition and AT1 receptor antagonism improves acetylcholine- 
induced vasorelaxation and in NIDDM subjects [141, 142]. Treatment of normoten-
sive type 1 diabetic patients with an ACE inhibitor has also been shown to increase 
acetylcholine-induced vasorelaxation in [143]. In these studies, no difference in 
vasodilatation induced by nitric oxide donors (sodium nitroprusside) was observed 
in diabetic vs. control subjects, suggesting that the endothelium dysfunction was 
related to impairment in the generation of nitric oxide rather than an impaired 
response potential. ACE inhibition may improve endothelium-dependent relaxation 
by suppressing Ang II effects on vascular NADH/NADPH oxidase production of 
superoxide anion and/or vascular insulin signaling [144, 145]. While ACE inhibi-
tion improved endothelium-dependent vasorelaxation induced by acute acetylcho-
line infusion [141], it did not improve endothelial function in response to 
flow-mediated dilation [146, 147]. Therefore, ACE inhibition appears to selectively 
affect endothelium response to acetylcholine infusion in diabetes. Additional stud-
ies are needed to determine whether ACE inhibition affects endothelial functions in 
diabetes apart from its hemodynamic effects.
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 Effects on Cardiovascular Progenitor Cells

Recent studies have suggested that endothelial progenitor cells (EPCs) contribute to 
re-endothelialization of injured vessels as well as neovascularization of ischemic 
lesions [148–151], and that a decrease in the number of EPCs is an independent 
predictor of morbidity and mortality of cardiovascular diseases [152]. Interestingly, 
a number of studies have shown the potential beneficial effects of AT1 receptor 
antagonists on EPCs. A 12-week treatment with olmesartan or irbesartan selectively 
increased the EPC subpopulation, but not the CD34+ hematopoietic stem cells 
(HSCs) [153] in patients with type 2 diabetes. A 2-week treatment with candesartan 
restored the decreased EPC number and function seen in salt-loaded stroke-prone 
hypertensive rats [154]. In addition, it was shown that 2 weeks of Ang II infusion in 
Wistar rats resulted in a lowering of EPCs that could be reversed by valsartan treat-
ment [155]. Similarly, in patients with hypertension, Ang II accelerates the onset of 
EPC senescence by gp91 phox-mediated increases in oxidative stress [156]. In con-
trast, Ang II stimulates the angiogenic function of adult endothelial cells and 
increases VEGF-induced proliferation of human EPCs through AT1 receptor- 
mediated upregulation of the VEGF receptor. Improvement in VEGF/eNOS func-
tion and decreased ROS production through inhibition of the NAD(P)H oxidase 
system may be important mechanisms that mediate the effects on EPCs [157].

In addition to AT1 receptor blockade, treatment with ramipril was associated with 
an approximately 1.5-fold increase in the number of circulating EPCs by 1 week 
after initiation of treatment which was followed by sustained increased levels to 
approximately 2.5-fold throughout the 4-week study period in patients with coro-
nary artery disease [158]. Moreover, ramipril treatment leads to increases in the 
functional activity of EPCs, as assessed by their proliferation, migration, adhesion, 
and in vitro vasculogenesis capacity. In C57/BL6 mice, ACE inhibition prevents 
pressure-induced maladaptive cardiac hypertrophy and increases angiogenesis 
associated with the upregulation of EPC and amelioration of EPC migration [159]. 
These findings suggest that the RAS contributes to the regulation of EPC bioactivity 
in patients with CVD.

 Role of the RAAS on Glycemic Control, Insulin Sensitivity, 
and Diabetes Onset

 Effect of RAAS Inhibition on Glycemic Control 
and Insulin Sensitivity

There is growing evidence that inhibition of the RAAS system by either ACE inhi-
bition or AT1 receptor antagonism can increase insulin sensitivity and glucose utili-
zation. Studies using euglycemic hyperinsulinemic clamps have shown that ACE 
inhibitor treatment improves insulin sensitivity in most [160–162], but not all [163, 
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164] individuals with hypertension, obesity, and/or type 2 diabetes. Similarly, while 
AT1 antagonism has been reported to improve muscle sympathetic nerve activity 
and insulin sensitivity in obese hypertensive subjects [165] and increase basal and 
insulin-stimulated glucose oxidation in normotensive individuals with type 1 diabe-
tes [166], other clinical studies have not observed improvements on insulin sensitiv-
ity and glucose homeostasis following treatment with AT1 receptor antagonists [162].

In experimental rodent models, Ang II induces insulin resistance in rat [167] and 
cultured skeletal muscle cell line [168]. The increased oxidative stress, possibly 
through impaired insulin signaling located downstream from PI 3-kinase activation, 
is involved in Ang II-induced insulin resistance [169]. Further evidence has been 
obtained from the TG(mREN2)27 rat, which manifests increased tissue RAAS 
activity, elevated serum aldosterone, and hypertension. The TG(mREN2)27 rat dis-
plays whole body and skeletal muscle insulin resistance that is associated with local 
oxidative stress [170] and specific defects in the insulin signaling pathway in skel-
etal muscle [171]. Direct renin inhibition attenuates abnormalities and improves 
systemic insulin resistance and skeletal muscle glucose transport [172]. ACE inhibi-
tion has also been shown to enhance skeletal muscle and adipose glucose transport 
in insulin-resistant obese Zucker rats and spontaneously hypertensive rats [173, 
174]. In addition, angiotensin AT1 receptor antagonism has been shown to improve 
insulin sensitivity and glucose uptake in skeletal muscle of normotensive diabetic 
KK-Ay mice [175], partially reduce insulin resistance in Wistar fatty rats [130], and 
increase 2DG uptake and GLUT-4 expression in skeletal muscle obese Zucker rats 
[176]. Since insulin resistance and the metabolic syndrome accelerate CVD [177], 
inhibition of the RAS may improve cardiovascular outcomes, in part, by increasing 
insulin sensitivity and improving metabolic control.

 RAAS Inhibition and New-Onset Diabetes

Multiple large prospective trials involving ACE inhibitors or ARBs have reported an 
unexpected reduction in the development of new type 2 diabetes mellitus in patients 
treated with these agents. The MICRO-HOPE study reported a 34% reduction in the 
risk of new-onset diabetes in the ramipril-treated group compared to the placebo 
group [178]. The Captopril Prevention Project (CAPPP) trial reported that the rela-
tive risk of developing diabetes in the ACE inhibitor-treated group was 0.79 
(0.67–0.94) compared with the conventional (diuretics, beta-blockers) treatment 
group [179]. The Losartan Intervention For Endpoint reduction (LIFE) trial reported 
that AT1 receptor antagonism using losartan was associated with a 25% lower inci-
dence of new-onset diabetes compared with patients treated with atenolol, who 
were similarly matched for initial clinical characteristics and blood pressure control 
[95]. The Valsartan Antihypertensive Long-Term Use Evaluation (VALUE) trial 
showed that the angiotensin receptor blocker, valsartan, is associated with a 23% 
reduction in the risk of new-onset type 2 diabetes compared to the calcium channel 
blocker, amlodipine in the treatment of hypertensive patients at high cardiovascular 
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risk [180]. It must be emphasized, however, that the development of new-onset dia-
betes mellitus was not a pre-specified primary endpoint of these studies. In the 
MICRO-HOPE study, the diagnosis of diabetes was self-reported by the trial par-
ticipants and was not verified by glucose measurements. The CAPPP trial and the 
LIFE study, however, included new-onset diabetes as a pre-specified secondary end-
point. Given the consistency of the results of these large trials, the hypothesis that 
specific inhibition of the RAAS would reduce the development of new-onset diabe-
tes was formally tested in two large randomized controlled trials. The DREAM 
(Diabetes Reduction Assessment with Ramipril and Rosiglitazone Medication) trial 
studied the effects of an ACE inhibitor (ramipril) and/or a thiazolidinedione (rosigli-
tazone) on the development of diabetes or death (primary outcome) and on the 
regression to normoglycemia (secondary outcome) in adults with impaired fasting 
glucose and/or impaired glucose tolerance, and no previous cardiovascular disease. 
The use of ramipril did not reduce the incidence of diabetes or death but did signifi-
cantly increase the regression to normoglycemia [181]. The NAVIGATOR 
(Nateglinide and Valsartan Impaired Glucose Tolerance Outcomes Research) trial 
studied the effects of valsartan or placebo (and nateglinide or placebo) in addition to 
lifestyle modification on the development of diabetes in a high-risk patient popula-
tion with impaired glucose tolerance and established cardiovascular disease or car-
diovascular risk factors. The use of valsartan led to a relative reduction of 14% in 
the incidence of diabetes but did not reduce the rate of cardiovascular events [182] 
(Table 31.1)

Several meta-analyses also support the positive effects of RAAS blockade on 
diabetes mellitus prevention. Abuissa et al., in a meta-analysis of 12 randomized 
controlled trials, showed that ACE inhibitors and ARBs were associated with reduc-
tions in the incidence of newly diagnosed diabetes by 27% and 23%, respectively, 
and by 25% in the pooled analysis [183]. In 2007, Elliott and Meyer reported that 
using network meta-analysis (from 22 trials and >143,000 patients), ARBs, ACE 
inhibitors, calcium channel blockers, and beta-blockers all reduced the risk for dia-
betes mellitus relative to diuretics. The odds ratios of incident diabetes mellitus 
were lowest with ARBs (0.57) and ACE inhibitors (0.67) [184]. Consistent with the 
clinical finding on the effects of RAAS inhibition on the onset of diabetes, experi-
mental studies have also indicated that ACE inhibition delays the onset of non- 
insulin- dependent diabetes in Otsuka Long-Evans Tokushima Fatty rats [185]. Both 
ACE inhibition and AT1 receptor antagonism improved first-phase insulin secretion 
and histopathological changes in pancreatic islets from diabetic Zucker rats [186]. 
These provocative findings suggest that inhibition of the RAAS, by either ACE 
inhibition or AT1 antagonism, could provide protective effects against the onset of 
type 2 diabetes.
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Table 31.1 Summary of clinical trials on renin–angiotensin–aldosterone system in individuals 
with diabetes mellitus

Trial
Patient 
population Comparators

Duration 
(years) Setting Key outcomes

PERSUADE 
[6]

1502 diabetic 
patients with 
CVD but no 
HF

Perindopril vs. 
placebo

4.3 CVD Reduction of 
primary 
composite of 
CV mortality, 
non-fatal MI, 
and successfully 
resuscitated 
cardiac arrest: 
19% (95%CI: 
−6.5–38.2%, 
P = 0.131)

RENAAL [9] 1431 patients 
with type 2 
diabetes and 
nephropathy

Losartan vs. placebo 5 CVD Hospitalization 
for new HF: 
0.74 (95%CI: 
0.55–0.98)*

LIFE [17] 1147 patients 
with 
hypertension, 
LV 
hypertrophy, 
and DM

Losartan vs. atenolol 5 CVD Hospitalization 
for new HF: 
0.57 (95%CI: 
0.36–0.91)*

UKPDS [7, 
88]

1148 patients 
with 
hypertension 
and type 2 
DM

Captopril vs. 
atenolol

8.4 Hypertension Relative risk of 
major 
macrovascular 
or microvascular 
event reduced by 
34% and 37%, 
respectively, 
with tight BP 
control

ABCD [91] 470 patients 
with 
hypertension 
and type 2 
DM

Enalapril vs. 
nisoldipine

5 Hypertension Adjusted risk 
ratio for 
nisoldipine- 
treated patients 
vs. enalapril was 
7.0 for 
combined 
endpoint of fatal 
and non-fatal MI 
(P = 0.001)

(continued)
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Table 31.1 (continued)

Trial
Patient 
population Comparators

Duration 
(years) Setting Key outcomes

MICRO- 
HOPE [4]

3577 patients 
with DM and 
vascular 
disease

Placebo vs. ramipril 4.5 CVD Ramipril 
reduced the 
composite 
primary 
endpoint of MI, 
stroke, and death 
from CVD by 
25% (P = 0.004) 
and overt 
nephropathy by 
24% (P = 0.027)

ONTARGET 
[96]

25,620 
patients with 
vascular 
disease or 
high-risk DM

Ramipril vs. 
telmisartan vs. 
combination of 
ramipril+telmisartan

5 CVD No difference in 
primary 
outcome (death 
from CVD, MI, 
stroke, or 
hospitalization 
for CHF) 
between the 
three groups. 
Combination of 
ramipril and 
telmisartan was 
associated with 
more adverse 
events

GISSI-3 [2] 18,131 
patients 
(2790 with 
DM) 
following 
acute MI

Lisinopril and 
glyceryl trinitrate 
singly and in 
combination

6 weeks CVD Treatment with 
lisinopril 
resulted in a risk 
reduction of 
32% in diabetic 
patients vs. 5% 
risk reduction in 
non-DM patients
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 RAAS and Coronavirus 2019 (COVID-19) Disease

Membrane-bound ACE2 is the functional receptor for severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2), the virus responsible for the coronavirus 2019 
(COVID-19) pandemic. Preclinical studies have demonstrated upregulation of 
ACE2 expression by RAAS inhibitors, such as ACEIs and ARBs, raising concern 
about their safety in patients with COVID-19.

 Effect of RAAS Blockade on ACE2 Expression

In the heart, Ang II receptor blockers have been shown to increase ACE2 protein 
and gene expression in different models of experimental hypertension [187, 188]. In 
the model of myocardial infarction after left coronary artery ligation in transgenic 
Ren-2 rats, the ACE inhibitors enalapril and lisinopril increased heart ACE2 expres-
sion [189]. In the thoracic aorta of male spontaneously hypertensive rats, ACE2 was 
increased in association with reversal of vascular hypertrophy in response to olmes-
artan treatment [190]. In the kidney, both lisinopril and losartan increased ACE2 

Table 31.1 (continued)

Trial
Patient 
population Comparators

Duration 
(years) Setting Key outcomes

NAVIGATOR 
[182]
DREAM 
[181]

9306 patients 
with 
impaired 
glucose 
tolerance
and CVD
5269 patients 
with 
impaired 
glucose 
tolerance

Valsartan vs. 
placebo
Ramipril vs. placebo

5
3

Type 2 DM 
and CVD
Type 2 DM

Valsartan 
reduced the 
incidence of DM 
(HR 0.86, 95% 
CI, 0.80–0.92, 
P = 0.001)
Although 
ramipril did not 
significantly 
reduce incidence 
of DM, it was 
more likely to 
result in 
regression to 
normoglycemia 
than placebo 
(HR 1.16, 95% 
CI, 1.07–1.27, 
P = 0.001)

*P < 0.05
Abbreviations: CVD cardiovascular disease, DM diabetes mellitus, LV left ventricle, HF heart 
failure, MI myocardial infarction, CI confidence interval, HR Hazards ratio

31 Renin-Angiotensin-Aldosterone System in Diabetic Cardiovascular Complications



884

enzymatic activity in the renal cortex of adult Lewis rats [191]. Aldosterone antago-
nists (both spironolactone and eplerenone) have been shown to increase ACE2 
enzymatic activity in macrophages from humans and mice [192].

 Effects of RAAS Blockade on COVID-19: The Clinical Context

The interaction between the SARS viruses and ACE2 may be one determinant of 
their infectivity, and there are concerns that increased ACE2 expression induced by 
RAAS inhibitors may enhance severity of COVID-19. Conversely, observational 
data have demonstrated an association between use of ACEIs or ARBs and better 
outcomes in patients with COVID-19 [193]. A prospective cohort study, using rou-
tinely collected data from 1205 general practices in the UK with 8.28 million par-
ticipants aged 20–99 years, studied whether patients prescribed these drugs had 
altered risks of contracting severe COVID-19 disease and requiring intensive care 
unit admissions [194]. ACE inhibitors and ARBs were associated with reduced risks 
of COVID-19 disease after adjusting for a wide range of variables. Neither ACE 
inhibitors nor ARBs were associated with increased risks of requiring ICU care for 
COVID-19 disease. A recent randomized controlled clinical trial involved 659 
patients hospitalized in Brazil with mild to moderate COVID-19 who were taking 
ACEIs or ARBs prior to hospitalization [193]. The objective was to determine 
whether discontinuation compared with continuation of ACE inhibitors or ARBs 
changed the number of days alive and out of the hospital through 30 days. There 
was no significant difference in the mean number of days alive and out of the hos-
pital for those assigned to discontinue vs. continue these medications. These results 
were generally consistent across major subgroups and do not support routine dis-
continuation of ACEIs or ARBs among patients hospitalized with mild to moderate 
COVID-19 if there is an indication for treatment.

RAAS inhibitors could benefit patients with COVID-19 through effects on 
angiotensin II expression and subsequent increase in Ang-(1–7) and -(1–9), which 
have vasodilatory and anti-inflammatory effects that might attenuate lung injury 
[195]. Data from animal studies suggest an inherent protective effect of ARBs 
against COVID-19 pneumonia by limiting lung injury in mice infected with SARS- 
CoV, a close viral relative of SARS-CoV-2 [196]. Based on the available evidence, 
scientific societies have recommended that patients should not discontinue ACE 
inhibitor or ARB therapy during the COVID-19 pandemic.

 Conclusions and Future Directions

Inhibition of the RAAS by either ACE inhibitors or ARBs has been shown to pro-
vide protective effects against cardiovascular outcomes in diabetic patients. These 
beneficial effects appear to similarly apply to both type 1 and type 2 diabetes. 
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Although most of our current understanding of the RAAS in diabetes is associated 
with the ACE → Ang II → AT1 receptor pathway, a growing body of experimental 
evidence has implicated important contributions of renin, ACE2, AT2 receptors, 
Ang-(1–7), as well as aldosterone in mediating the effects of the RAAS on vascular 
functions and disease. A limited number of studies suggest that the RAAS contains 
pathways that are antagonistic; however, clinical evidence for this level of regula-
tion within the RAAS is not currently available. Further studies are needed to char-
acterize “crosstalk” within the RAAS and to determine whether targeting additional 
components in this system might provide new therapeutic opportunities.
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Chapter 32
Metformin, Sulfonylureas, DPP-4 
Inhibitors and Cardiovascular  
Outcomes in Type 2 DM

André J. Scheen

 Introduction

Type 2 diabetes mellitus (T2DM) is associated with a high risk of cardiovascular 
disease (CVD), including heart failure (HF) [1]. Two pharmacological classes of 
glucose-lowering agents have demonstrated a significant reduction in major cardio-
vascular events (MACEs) in patients with T2DM and established CVD or multiple 
cardiovascular (CV) risk factors, glucagon-like peptide-1 receptor agonists 
(GLP-1RAs) and sodium-glucose cotransporter type 2 inhibitors (SGLT2is) [2–6]. 
As a consequence, these agents now occupy a privileged place in the management 
of T2DM with CVD [7, 8]. Because of different results reported in cardiovascular 
outcome trials (CVOTs) [4, 5], GLP-1Ras are recommended (as SGLT2is) in 
patients with atherosclerotic disease, whereas SGLT2is are preferred in patients 
with or at risk of HF or progressing renal disease with albuminuria [8]. Even if these 
new glucose-lowering agents were used as add-on therapy in CVOTs, a majority of 
T2DM patients being treated with other glucose-lowering agents (in particular, 
background metformin and/or sulfonylureas), some recent cardiology guidelines, 
both in the US [9] and in Europe [10], proposed to use GLP-1RAs or SGLT2is as 
first-line therapy in patients with T2DM and at high CV risk. The reason is that 
uncertainties remain regarding the CV safety and/or efficacy of other glucose-low-
ering agents such as metformin, sulfonylureas (SUs) and dipeptidyl peptidase-4 
inhibitors (DPP-4is) in patients with T2DM [11, 12]. One dilemma is that a majority 
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of patients with T2DM do not have established CVD but share several CV risk fac-
tors and the question how to treat these patients, i.e. which glucose- lowering agent 
should be selected first and which combination should be preferred afterwards, 
remains open.

The aim of the present chapter is to review the effects of metformin, SUs and 
DPP-4is on CV outcomes in patients with T2DM, based upon data reported in 
randomized controlled trials (RCTs) or observational studies, including 
meta-analyses.

 Metformin

Metformin has been recommended as a first-line antidiabetic drug for all patients 
with T2DM even in the presence of high CV risk in the latest consensus reports by 
the American Diabetes Association (ADA) and the European Association for the 
Study of Diabetes (EASD) [7, 8]. However, the first place of metformin has been 
challenged by cardiologists [9, 10]. Thus, the right place for metformin in the man-
agement of patients with T2DM, especially those at high CV risk, is currently a 
matter of debate [13–17].

 Underlying Mechanisms

Metformin does not stimulate insulin secretion and thereby does not expose to 
hypoglycaemia. It rather acts as an insulin-sparing agent via multiple effects. Its 
main sites of action are the liver, where it inhibits hepatic glucose production, and 
the intestine, where it increases glucose consumption, enhances GLP-1 production 
and positively modifies gut microbiota [18] (Table 32.1).

In both animal and human studies, multiple potential mechanisms have been 
shown that support the concept of CV protection with metformin beyond those pro-
vided by reduced blood glucose, including improvements in haemostatic function 
(reduction in increased levels of plasminogen activator inhibitor-1), reduced low- 
grade inflammation and oxidative stress, and inhibition of key steps in the process 
of atherosclerosis [18, 19].

 United Kingdom Prospective Study (UKPDS)

The UKPDS was the first RCT that emphasized the potential beneficial CV effect of 
metformin. In patients whose body weight was more than 120% of their ideal weight 
and who primarily received metformin, reductions in the risk of myocardial infarc-
tion by 39% (P = 0.01) and of all-cause death by 36% (P = 0.01) were observed 
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Table 32.1 Characteristics of the three classes of glucose-lowering agents considered in the 
present chapter

Classes Molecules
Glucose-lowering 
effect

Possible pleiotopic 
effects

Possible adverse 
effects

Biguanidesa Metformin Insulin-sparing 
agent (mainly via 
liver and gut 
effects)

Reductions in 
PAI-1, low-grade 
inflammation and 
oxidative stress

Lactic acidosis 
(rare)

Sulfonylureasb Glibenclamide 
(glyburide), 
gliclazide, 
glimepiride, 
glipizide

Insulin- 
secretagogue 
(glucose- 
independent)

Inhibition of 
extrapancreatic KATP 
channels

Hypoglycemia
Weight gain
Inhibition of 
ischemic 
pre-conditioning

DPP-4isc Alogliptin, 
linagliptin, 
saxagliptin, 
sitagliptin

Incretin 
enhancers 
(increased 
insulin/decreased 
glucagon)

Varia, yet clinical 
relevance needs 
confirmation

Small increased 
risk of acute 
pancreatitis
Increased heart 
failure with 
saxagliptin

aPhenformin and buformin were withdrawn because of an increased risk of lactic acidosis
bFirst-generation agents such as tolbutamide and chlorpropamide are not used anymore
cVildagliptin not commercialized in the United States. Several other DPPis only commercialized in 
Asia not mentioned here
PAI-1 plasminogen activator inhibitor-1, DPP-4is dipeptidyl peptidase-4 inhibitors

[20]. Interestingly enough, in the group previously treated with metformin, the CV 
protection persisted after an observational follow-up of 10 years after the end of the 
UKPDS, with a 33% reduction in myocardial infarction (P  = 0.005) and a 27% 
reduction in death from any cause (P = 0.002) [21]. However, these results were 
obtained in a limited subgroup of obese patients with newly diagnosed T2DM, i.e. 
in individuals with a rather low CVD risk [20]. This population is completely differ-
ent from the patients recruited in recent CVOTs, who generally had a long duration 
of T2DM (>10 years) and a high/very high risk of CVD, most of them having estab-
lished CVD [2, 3, 6].

 Meta-Analysis of Clinical Trials and Observational Studies

In absence of a dedicated CVOT, meta-analyses of published data have been per-
formed in order to evaluate the potential impact on CVD of the first-line drug met-
formin. When RCTs were considered, no reduction in the incidence of CV events 
could be detected, but none of the trials was designed to test this hypothesis and all 
of them recruited a large majority of patients without established CVD [22–24] 
(Table 32.2). However, a meta-analysis that combined results from some RCTs and 
mainly retrospective cohort studies in patients with coronary artery disease showed 
that metformin significantly reduces both all-cause (−37%) and CV (−19%) 
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mortality as well as the incidence of CV events (−17%) [25] (Table 32.2). Similarly, 
a recent meta-analysis of 16 studies including 25 comparisons indicated that met-
formin treatment was associated with a reduction by about half in CV outcomes, 
when considering both the mortality and the incidence [26] (Table 32.2). However, 
the heterogeneity among studies may potentially affect the final results. Meta-
analyses of RCTs have not demonstrated the benefits of metformin on the risk of or 
the clinical course of HF [27].

In a post hoc analysis of SAVOR TIMI-53, metformin use was associated with 
no difference in risk for the composite end point MACEs (hazard ratio or HR 0.92, 
95% confidence interval or CI 0.76–1.11), but lower risk of all-cause mortality (HR 
0.75, 95% CI, 0.59–0.95) [28].

Finally, observational studies, including the REACH (Reduction of 
Atherothrombosis for Continued Health) registry [29], have shown that metformin 
exerts protective effects, with lower mortality rate, even in patients considered at 
higher risk, such as patients with renal impairment, stable coronary heart disease 
and stable HF [30].

 Potential Modulation of CV Outcomes by Metformin

Previous data suggested that metformin could differently modulate the effects of 
new oral glucose-lowering therapies: on the one hand, SGLT2is with lower protec-
tion in metformin-treated patients [31, 32], on the other hand, DPP-4is with better 
protection in metformin-treated patients [33, 34]. In order to test this hypothesis, we 
performed two meta-analyses of published CVOTs and did not find arguments to 
support a different modulation by metformin background therapy of the effects of 
DPP-4is and SGLT2is in T2DM patients at high risk of CVD [35]. In both metfor-
min and non-metformin users, DPP-4is did not reduce the incidence rate of MACEs, 
whereas SGLT2is showed a significant reduction, without any significant interac-
tion between the two subgroups with and without metformin. The absence of modu-
lation by background metformin therapy of CV outcomes with SGLT2is was 
confirmed in three other recent meta-analyses [36–38]. A possible positive effect of 
metformin on CV outcomes with DPP-4is was suggested in another meta-analysis 
[38], but this paper did not include the results from the latest trial CAROLINA, in 
contrast to our meta-analysis [35].

 Perspectives

A definitive evidence base for prioritization of new drugs versus metformin is cur-
rently missing because there are no head-to-head RCT data [17]. Even if some evi-
dence suggests that metformin may exert a protective effect on CVD beyond its 
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glucose-lowering effects [15], future prospective cohort-based studies and dedi-
cated RCTs are needed to identify CV at-risk population who may potentially ben-
efit from metformin [15, 39]. A population-based, longitudinal-cohort study using a 
nationwide US commercial insurance claims database is ongoing (Metformin And 
Cardiovascular Effectiveness Versus SGLT2: MACES; ClinicalTrials.gov Identifier: 
NCT03627039). Its objective is to compare in new users with T2DM the effective-
ness of SGLT2is relative to metformin for reducing subsequent CV events (esti-
mated study completion date August 2020, results not available yet). A specific 
CVOT comparing the effect of metformin versus placebo is also underway. Because 
it is not possible anymore to perform such a trial in patients with T2DM for ethical 
reasons, this CVOT will recruit patients with impaired glucose tolerance 
(VA-IMPAcT: Investigation of Metformin in Pre-Diabetes on Atherosclerotic 
Cardiovascular OuTcomes; ClinicalTrials.gov Identifier: NCT02915198). This trial 
will test the hypothesis that treatment with metformin, compared with placebo, 
reduces mortality and CV morbidity in patients with pre-diabetes and established 
CVD (estimated study completion date: August 2024).

 Sulfonylureas

In the 2018–2020 ADA-EASD consensus reports, SUs occupy a limited place, 
because they can induce weight gain and hypoglycaemia and apparently do not 
exert protective CV effects. Their main advantage is a very low cost combined with 
a long clinical experience [7, 8]. Since many decades, the CV safety of SUs is still 
contentious [40, 41]. However, recent data, especially the findings of CAROLINA 
[42], may offer a new revival to SUs in the management of hyperglycaemia in 
patients with T2DM [43–45].

 Underlying Mechanisms

SUs are insulin-secreting agents, which stimulate insulin secretion independently of 
plasma glucose levels, without any direct effect on insulin resistance [46] 
(Table 32.1). No consistent effects have been demonstrated on CV risk factors such 
as arterial blood pressure, lipid profile or low-grade inflammation. Thus, besides 
their well-recognized glucose-lowering effect, no particular positive effects on 
CVD risk may be expected. On the contrary, because SUs are associated with a 
higher risk of (sometimes severe) hypoglycaemia, which results in an activation of 
sympathetic tone, potential deleterious CV effects may be suspected [40, 41].

SUs trigger insulin release by binding to SU receptors (SUR1) and inhibiting 
KATP channels on the pancreatic beta-cells. Extra-pancreatic KATP channels and SU 
receptors exist in abundance in cardiac myocytes (SUR2A) and smooth muscle cells 

A. J. Scheen
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(SUR2B). Off-target KATP channel inhibition in the heart and vascular smooth muscle 
may contribute to adverse CV effects, i.e. inhibition of pre-conditioning ischemia 
[47]. SUs show different tissue-specific binding affinities. For instance, gliclazide 
and glipizide are more selective for pancreatic SUR1 compared with glibenclamide 
(glyburide), which binds non-selectively to both pancreatic SUR1 and CV SUR2A 
and SUR2B. These particularities might explain differences between SUs regarding 
CV safety (see below) [40].

 From UGDP to UKPDS

In the seventies, the University Group Diabetes Program (UGDP) gave intriguing, 
yet controversial, results with a higher rate of mortality associated with the first- 
generation SU tolbutamide [48]. Furthermore, the percentage of patients identified 
during the course of follow-up with a specified nonfatal cardiac event was higher in 
the tolbutamide-treated group than in the placebo-treated group [49]. However, the 
study was highly criticized from a statistical point of view, because of rather few CV 
events and possible interference of confounding factors. Published in 1998, the 
UKPDS followed 2867 newly diagnosed patients with T2DM, randomized to inten-
sive treatment with a SU [glibenclamide (glyburide), glipizide or chlorpropamide] 
or insulin or conventional treatment with diet alone. After a median follow-up of 11 
years, there was no evidence that SUs (glibenclamide (glyburide) and chlorprop-
amide) were associated with increased mortality or a higher risk of myocardial 
infarction or stroke (Table  32.3) [50]. Even if the findings with SUs were less 
favourable than those noticed with metformin (Table 32.2), as already described 
above [53], the results of the UKPDS regarding the use of SUs and CV outcomes 
were reassuring when compared to those of the UGDP [40].

 More Recent Randomized Clinical Trials

Three large RCTs deserve careful examination (Table 32.3). First, in the interna-
tional ADVANCE trial, intensifying glucose lowering-therapy with controlled 
release gliclazide was not associated with any significant change in the incidence of 
CV events when compared to standard therapy [51]. Second, in the long-term, prag-
matic TOSCA-IT trial, the incidence of CV events was similar with SUs (mostly 
glimepiride and gliclazide) and pioglitazone as add-on treatments to metformin 
[52]. Third, in the CAROLINA study that recruited adults with relatively early 
T2DM and elevated CV risk, the use of glimepiride compared to the DPP-4i lina-
gliptin over a median 6.3 years resulted in non-significant difference in the occur-
rence of CV outcomes [42] (Table 32.3). Thus, overall, these data are reassuring 
when comparing SUs with different type of comparators.

32 Metformin, Sulfonylureas, DPP-4 Inhibitors and Cardiovascular Outcomes …



902

Ta
bl

e 
32

.3
 

R
an

do
m

iz
ed

 c
on

tr
ol

le
d 

tr
ia

ls
 th

at
 in

ve
st

ig
at

ed
 th

e 
ca

rd
io

va
sc

ul
ar

 s
af

et
y 

of
 s

ul
fo

ny
lu

re
as

R
C

T
s

Su
lf

on
yl

ur
ea

C
om

pa
ra

to
r

Fo
llo

w
-u

p 
(y

ea
rs

)

N SU
/

co
m

pa
ra

to
r

A
ll-

ca
us

e 
m

or
ta

lit
y

C
V

 
m

or
ta

lit
y

M
yo

ca
rd

ia
l 

in
fa

rc
tio

n
St

ro
ke

M
A

C
E

s

U
K

PD
S 

[5
0]

C
hl

or
pr

op
am

id
e

D
ie

t a
lo

ne
11

.1
61

9/
11

38
1.

02
(0

.8
2–

1.
27

)
N

A
0.

87
(0

.6
8–

1.
12

)
1.

01
(0

.6
5–

1.
58

)
N

A

G
lib

en
cl

am
id

e
D

ie
t a

lo
ne

11
.1

61
5/

11
38

0.
91

(0
.7

3–
1.

15
)

N
A

0.
78

(0
.6

0–
1.

01
)

1.
38

(0
.5

2–
2.

08
)

N
A

A
D

V
A

N
C

E
 

[5
1]

E
xt

en
de

d 
re

le
as

e 
gl

ic
la

zi
de

 (
in

te
ns

ifi
ed

 
ar

m
)

St
an

da
rd

 
tr

ea
tm

en
t

5.
0

55
71

/5
56

9
0.

93
(0

.8
3–

1.
06

)
0.

88
(0

.7
4–

1.
04

)

0.
98

(0
.7

8–
1.

23
) 

no
nf

at
al

1.
02

(0
.8

5–
1.

24
) 

no
nf

at
al

0.
94

(0
.8

4–
1.

06
)

T
O

SC
A

-I
T

 
[5

2]
G

lib
en

cl
am

id
e

G
lim

ep
ir

id
e

G
lic

la
zi

de

Pi
og

lit
az

on
e

4.
8

14
93

/1
53

5
0.

91
(0

.6
2–

1.
33

)
N

A
1.

15
(0

.6
5–

2.
08

) 
no

nf
at

al

1.
27

(0
.6

5–
2.

44
) 

no
nf

at
al

1.
04

(0
.7

9–
1.

35
)

C
A

R
O

L
IN

A
 

[4
2]

G
lim

ep
ir

id
e

L
in

ag
lip

tin
6.

3
30

10
/3

02
3

1.
10

(0
.9

4–
1.

28
)

1.
00

(0
.8

0–
1.

23
)

0.
97

(0
.7

8–
1.

22
)

1.
16

(0
.8

9–
1.

52
)

1.
02

(0
.8

8–
1.

19
)

R
es

ul
ts

 a
re

 e
xp

re
ss

ed
 b

y 
ha

za
rd

 r
at

io
 (

w
ith

 9
5%

 c
on

fid
en

ce
 in

te
rv

al
s)

 o
f 

SU
s 

ve
rs

us
 c

om
pa

ra
to

rs
H

R
 h

az
ar

d 
ra

tio
, 

C
I 

co
nfi

de
nc

e 
in

te
rv

al
, 

M
A

C
E

s 
m

aj
or

 c
ar

di
ov

as
cu

la
r 

ev
en

ts
, 

N
A

 n
ot

 a
va

ila
bl

e,
 N

S 
no

t 
si

gn
ifi

ca
nt

, 
R

C
T

s 
ra

nd
om

iz
ed

 c
on

tr
ol

le
d 

tr
ia

ls
, 

SU
 

su
lf

on
yl

ur
ea

A. J. Scheen



903

 Meta-Analysis of Clinical Trials

 – SUs versus metformin
In a meta-analysis published in 2013, only two RCTs compared CV outcomes 
and mortality with SUs versus metformin. SUs were associated with a numeri-
cal increase in all-cause mortality compared with metformin, without any 
increase in the incidence of MACEs [54]. These results were confirmed in two 
network meta-analyses [55, 56] and were extended in another meta-analysis 
published in 2017, yet this meta-analysis combined both RCTs and observa-
tional studies [57]. Compared with biguanides, SUs were associated with a sig-
nificant increase in all-cause mortality and a trend for higher risk in CV 
mortality, acute myocardial infarction and stroke (Table 32.4). In the SPREAD-
DIM-CAD study carried out in Chinese patients with T2DM and coronary 
artery disease, treatment with metformin for 3 years substantially reduced 
MACEs in a median follow-up of 5.0 years compared with glipizide (HR 0.54; 
95% CI 0.30–0.90; P = 0.026) [61].

 – SUs versus DPP-4is
More studies reported CV outcomes in patients treated with SUs compared with 
DPP-4is [62] (Table  32.4). Monami et  al. found a significant higher risk of 
MACE, mainly attributed to more ischemic strokes, in patients treated with SUs 
than in those treated with DPP-4is [54]. According to another meta-analysis of 
12 head-to-head RCTs, SUs were associated with a significantly higher inci-
dence of CV events as compared with DPP-4is [58]. Another meta-analysis of 8 
RCTs data showed an increased risk of myocardial infarction, ischemic stroke, 
CV mortality and all-cause mortality with SUs compared with DPP-4is, all sta-
tistically significant. Again, the most marked difference concerned the risk of 
ischemic stroke [57].

Network meta-analyses gave divergent results. One showed only a trend for 
higher incidence of all-cause mortality, CV mortality and myocardial infarctions 
in SU-treated patients compared to those treated with a DPP-4i [55] while two 
others reported a significantly increased risk of myocardial infarction [60] or of 
MACEs [56] with SUs compared to DPP-4is (Table 32.4).

 – Insulin secretagogues versus placebo or active comparators
A recent meta-analysis suggested that insulin secretagogues (all SUs plus rep-
aglinide and nateglinide: see below) compared with either placebo or active 
comparators are not significantly associated with an increased risk of MACEs 
in comparison with controls (14 RCTs, Mantel-Haenszel odds ratio [MH-OR] 
1.08, 95% CI 0.96–1.22, P = 0.20), but were associated with an increased risk 
of all- cause mortality (48 RCTs, MH-OR 1.11, 95% CI 1.00–1.23, 
P = 0.04) [63].
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Table 32.4 Meta-analyses of clinical trials and observational studies that investigated the 
cardiovascular effects of sulfonylureas versus comparators

References
Type of 
studies

Mode of 
comparison

All-cause 
mortality

CV 
mortality

Myocardial 
infarction Stroke MACEs

Versus metformin
Monami 
et al. 2013 
[54]

2–4 RCTs MH-OR 1.29
(0.80–
2.13)

NA NA NA 0.95
(0.34–
2.70)

Bain et al. 
2017 [57]

RCTs + 
observational 
studies

HR 1.37
(1.03–
1.84)

1.38
(0.90–
2.16)

1.21
(0.78–1.99)

1.40
(0.92–
2.22)

NA

Lee et al. 
2017 [55]

2 RCTs RR 1.21
(0.79–
1.85)

1.62
(0.72–
3.68)

0.82
(0.47–1.46)

NA NA

Wu et al. 
2018 [56]

RCTs OR NA NA NA NA 1.19
(0.52–
2.78)

Versus DPP-4is
Monami 
et al. 2013 
[54]

7 RCTs MH-OR 1.40
(0.74–
2.65)

1.50
(0.49–
4.52)

NA but NS 4.51
(1.60–
12.66)

1.85
(1.20–
2.87)

Zhang 
et al. 2014 
[58]

12 RCTs MH-OR NA NA NA NA 1.89
(1.15–
2.63)

Bain et al. 
2017 [57]

RCTs + 
observational 
studies

HR 2.03
(1.22–
3.58)

4.42
(1.92–
13.00)

2.54 
(1.14–6.57)

9.40
(3.27–
41.90)

NA

Wang et al. 
2017 [59]

2 RCTs + 6 
cohort studies

RR 1.39
(1.15–
1.69)

1.72
(1.22–
2.44)

NA NA 1.41 
(1.11–
1.79) 
(nonfatal 
only)

Lee et al. 
2017 [55]

14 RCTs RR 1.45
(0.97–
2.17)

2.08
(0.91–
4.76)

1.37
(0.91–2.08)

NA NA

Chou et al. 
2017 [60]

10 RCTs OR NA NA 2.08
(1.10–3.70)

NA NA

Wu et al. 
2018 [56]

28 RCTs OR NA NA NA NA 1.27
(1.00–
1.61)

CV cardiovascular, HR hazard ratio, MACEs major cardiovascular events, M-H Mantel-Haenszel, 
NA not available, NS not significant, OR odds ratio, RCTs randomized controlled trials, RR rela-
tive risk

 Observational Studies

 SUs Versus Metformin

Using US National Veterans Health Administration databases, in patients without 
chronic kidney disease who initiated metformin or SU therapy for diabetes, the 
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incidence of MACEs was significantly higher in SU users than in metformin users 
(adjusted hazard ratio or aHR 1.21, 95% CI 1.13–1.30) [64]. These results were 
confirmed by the same research group among patients with diabetes and reduced 
kidney function persisting with monotherapy in whom treatment with metformin, 
compared with a SU, was associated with a 20% lower risk of MACEs (aHR 0.80, 
95% CI 0.75–0.86) [65]. In another study, the relative risk of HF in SU users versus 
metformin users was 1.17 (95% CI, 1.06–1.29) (5 cohort studies) and 1.22 
(1.02–1.46) when restricted to new users (two studies) [66]. A meta-regression anal-
ysis was used to evaluate heterogeneity of observational studies. SUs were associ-
ated with an increased risk of CV events and mortality in the majority of studies 
with no major design-related biases [67]. When considering 27 relative risk esti-
mates, the mean relative risk of occurrence of a CV adverse event in patients treated 
with SUs compared with patients treated with metformin averaged 1.43, with an 
adjusted relative risk ratio of 1.13 (95% CI 1.01–1.27) [67].

 SUs Versus DPP-4is

The comparison of CV efficacy and safety between SUs and DPP-4-is has been 
extensively discussed in a dedicated review [62]. Overall, the CV safety of SUs 
appears to be poorer than that of DPP-4is in cohort studies, thus confirming the find-
ings of RCTs. However, the results are somewhat disparate, and such heterogeneity 
may be explained not only by different patient characteristics across studies, but 
also perhaps by differences between various molecules in each pharmacological 
class [62] (see discussion below).

During a median follow-up of 19.6 months of nationwide cohort in Korea and 
after propensity score matching, there was no significant difference in the risk of 
ischemic heart disease, ischemic stroke or cardio-cerebrovascular death in the 
DPP-4i group compared to that in the SU group in combination with metformin 
[68]. However, in a meta-analysis of eight studies (six of them being retrospective 
cohort studies), the combination therapy of metformin plus DPP-4i versus metfor-
min plus SU was associated with lower rates of nonfatal CV events (relative risk or 
RR 0.71, 95% CI 0.56–0.90), CV mortality (RR 0.58, 95% CI 0.41–0.82) and all- 
cause mortality (RR 0.72, 95% CI 0.59–0.87) [59]. A significant higher incidence of 
all-cause mortality in patients treated with SU compared to patients treated with 
DPP-4is (HR 2.03, 95% CI 1.22–3.58) was also reported in another meta-analysis 
of four observational studies [57].

 Are All Sulfonylureas Similar Regarding CV Risk?

As already mentioned, differences in the pharmacological properties of SUs, i.e. 
different tissue-specific binding affinities to SUR1/2 KATP channels and different 
risks of hypoglycaemia, may result in different risks of mortality and CV events 
among SUs [40]. As discussed in several papers, it is important to distinguish 
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between first-generation SUs (tolbutamide, chlorpropamide), which were associ-
ated with increase CV risk, and second-generation SUs, which appear to be much 
safer [40, 69, 70]. Among SUs of second generation, it has been recommended not 
to use glibenclamide (glyburide) because this sulfonylurea causes more hypogly-
caemia, interferes with ischemic preconditioning and may be associated with an 
increased incidence of CV events compared with other second-generation SUs [71]. 
However, this conclusion may be challenged by the results of recent studies. First, 
in a large observational US study, results of increased risk of MACEs with SUs 
compared with metformin were consistent for both glibenclamide (glyburide) (aHR, 
1.26, 95% CI 1.16–1.37) and glipizide (aHR 1.15, 95% CI 1.06–1.26) [64]. Second, 
a UK cohort study, which included 17,604 SU initiators with a mean follow-up of 
1.2 years, showed no difference in CV safety between nonspecific, long-acting SUs 
glibenclamide and glimepiride and specific, short-acting SUs gliclazide and glipi-
zide [72]. Third, in a retrospective cohort study using U.S. Medicaid claims from 
five large states, compared with glipizide, propensity score-adjusted HR for sudden 
cardiac arrest and ventricular arrhythmia were 0.82 (95% CI 0.69–0.98) for gliben-
clamide (glyburide) and 1.10 (0.89–1.36) for glimepiride, respectively [73]. Fourth, 
using patients on glimepiride as the reference group in a nationwide real-world 
analysis from Taiwan, the adjusted HR of CV event risk was 1.22 (P = 0.005) for 
gliclazide, 1.19 (P = 0.073) for glipizide, and 1.32 (P < 0.001) for glibenclamide 
(glyburide), with no obvious differences between the last three compounds [74]. 
Fifth, another population-based cohort study in the Netherlands reported that the 
risks of a first-ever acute myocardial infarction (aHR 1.02, 95% CI 0.70–1.50) and 
all-cause mortality (aHR 0.97, 95% CI 0.80–1.17) were not significantly different 
when comparing gliclazide use with non-gliclazide SU use (among which gliben-
clamide) [75].

In a network meta-analysis of 18 studies, the relative risk of CV-related mortality 
(0.60, 95% CI 0.45–0.84) was significantly lower with gliclazide compared with 
glibenclamide (glyburide), but not significantly different compared with glimepiride 
[70]. Recent review papers summarized emerging evidence suggesting better CV 
profile of gliclazide over other SUs [76, 77]. However, in the absence of a dedicated 
head-to-head trial, this remains an open question.

 Glinides, as an Alternative to Sulfonylureas

Meglitinide derivatives (repaglinide, nateglinide) are insulin-secreting agents whose 
mechanism of action is almost similar to that of SUs. They have a shorter half-life 
and thereby should be administered three times a day, before each main meal (‘one 
meal, one pill’). These pharmacokinetic properties may result in a better control of 
postprandial hyperglycaemia combined with a lower risk of late hypoglycaemia 
compared to SUs [78]. However, few data are available regarding the CV safety and 
efficacy of these compounds [78].
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Among persons with impaired glucose tolerance and established CVD or CV 
risk factors, assignment to nateglinide versus placebo for 5 years did not reduce the 
coprimary composite CV outcome (a composite of death from CV causes, nonfatal 
myocardial infarction, nonfatal stroke or hospitalization for HF) in the large pro-
spective NAVIGATOR study [79]. Using patients on glimepiride as the reference 
group, the aHR of all-cause mortality and CV event risk were, respectively, 1.88 
(P < 0.001) and 1.69 (P = 0.001) for repaglinide in a nationwide real-world analysis 
in Taiwan [74].

 DPP-4 Inhibitors

DPP-4is occupy an increasing place in the management of T2DM [80], progres-
sively replacing SUs in numerous countries. The reasons for this trend are that 
DPP-4is are not associated with hypoglycaemia or weight gain, have a good safety 
profile, including in a frailty elderly population and are very easy to use (generally 
one tablet a day, without titration) [81]. They can be prescribed in patients with 
moderate to severe chronic kidney disease, provided that the daily dose is adjusted 
to the estimated glomerular filtration rate, except for linagliptin that does not require 
dose adjustment because of a biliary rather than a renal excretion [82]. Of note, a 
small increased risk of acute pancreatitis associated with DPP-4is has been reported, 
yet it remains a very rare adverse event [80, 81].

 Underlying Mechanisms

DPP-4is act as incretin enhancers by inhibiting the enzyme that degrades two gut- 
derived incretin hormones, glucagon-like peptide-1 (GLP-1) and glucose- dependent 
insulinotropic polypeptide (GIP) [80, 83]. Thereby, they stimulate insulin secretion 
and reduce glucagon secretion in a glucose-dependent manner, both effects contrib-
uting to the glucose-lowering activity without increasing the risk of hypoglycaemia 
(Table 32.1).

Beyond the glucose-lowering effect, DPP-4is may positively influence surrogate 
vascular endpoints and other CV risk factors, as extensively discussed in previous 
reviews [84–87]. GLP-1 is classically viewed as the primary DPP-4 substrate capa-
ble in modulating CV function [86, 88]. However, DPP-4, which is widely expressed 
in most cells and tissues, exhibits enzymatic activity against dozens of peptide hor-
mones and chemokines with roles in vascular pathophysiology, inflammation, stem 
cell homing and cell survival [85]. Thus, DPP-4is may exert a possible beneficial 
action on vessels and heart, via both GLP-1-dependent and GLP-1- independent 
effects [86, 88].

Clinically, DPP-4is improve several CV risk factors beyond the improvement of 
glucose control (mainly by reducing postprandial hyperglycaemia). They show 

32 Metformin, Sulfonylureas, DPP-4 Inhibitors and Cardiovascular Outcomes …



908

modest weight loss (even if weight neutrality is a classic concept), may be associ-
ated with mild reduction (or no significant changes) in blood pressure without 
increase in heart rate, somewhat improve postprandial lipid profile, slightly reduce 
inflammatory markers, dampen oxidative stress and improve endothelial function in 
patients with T2DM [84, 86]. Some positive effects were also described on the heart 
in patients with ischemic heart disease or congestive HF, yet their clinical relevance 
remains to be further investigated [11, 84].

 CV Outcomes in Meta-Analyses of Phase 2–3 Trials

Several meta-analyses of RCTs with individual DPP-4is generally reported a non- 
significant trend towards a lower incidence of MACEs compared to placebo or other 
active glucose-lowering compounds: alogliptin [89], saxagliptin [90], sitagliptin 
[91], linagliptin [92] and vildagliptin [93]. It is noteworthy, however, that none of 
these trials were designed to test CV safety/efficacy of the DPP-4i; moreover, 
patients were at rather low risk of CV disease (primary prevention), the trial dura-
tion was quite short (generally ≤1 year) and CV events were not always properly 
adjudicated. Because of the rather low number of MACEs in each individual DPP-4i 
meta-analysis, the differences failed to reach statistical significance.

Contradictory results were reported when the results of all studies with DPP-4is 
were pooled. In one meta-analysis of 70 phase 2–3 RCTs comparing DPP-4is with 
a placebo or an active glucose-lowering agent [94], significant reductions in the 
incidence of MACEs, myocardial infarction and all-cause mortality and a trend for 
lower incidence of stroke and CV mortality were reported. Another meta-analysis 
separated RCTs using placebo from those using an active glucose-lowering agent as 
comparator. When compared to placebo in 11 RCTs, DPP-4is did not significantly 
affect the risk of all-cause mortality, CV death, myocardial infarction, stroke or 
HF. When compared to active controls in 29 RCTs, DPP-4is showed a significant 
reduction in the risk of stroke (HR 0.58; 95% CI 0.34–0.99), but did not signifi-
cantly affect other CV endpoints [95].

 Results of Dedicated CV Outcome Trials

Five CVOTs that specifically investigated the CV safety and efficacy of DPP-4is 
have been published : EXAMINE (Examination of Cardiovascular Outcomes with 
Alogliptin versus Standard of Care) with alogliptin [96], SAVOR TIMI-53 
(Saxagliptin Assessment of Vascular Outcomes Recorded in Patients with Diabetes 
Mellitus–Thrombolysis in Myocardial Infarction 53) with saxagliptin [97], TECOS 
(‘Trial Evaluating Cardiovascular Outcomes with Sitagliptin’), with sitagliptin [98], 
CARMELINA (Cardiovascular and Renal Microvascular Outcome Study With 
Linagliptin in Patients With Type 2 Diabetes Mellitus with linagliptin) [99] and 
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CAROLINA (Cardiovascular Outcome Study of Linagliptin Versus Glimepiride in 
Patients With Type 2 Diabetes) with linagliptin [42] (Table 32.5). The last two trials 
with linagliptin are original ones. Indeed, CARMELINA recruited a much higher 
proportion of patients with impaired renal function and albuminuria compared with 
other CVOTs [99], while CAROLINA was the only CVOT that used an active com-
parator (glimepiride, a SU used as reference) instead of the placebo used in all other 
trials [42]. The main results are summarized in Table 32.4. Overall no significant 
differences were observed between patients treated with a DPP-4i or a placebo 
(glimepiride in CAROLINA) regarding the incidence of MACEs, myocardial 
infarction, ischemic stroke, CV mortality and all-cause mortality. The only excep-
tion was a higher risk of hospitalization for HF in the SAVOR-TIMI 53 with saxa-
gliptin compared with placebo [97] (see discussion below).

Similar results were reported with omarigliptin, a DPP-4i commercialized in 
Japan, in a CVOT trial that enrolled 4202 patients with T2DM and established 
CVD, but was early terminated (following a business decision not to submit a mar-
keting application for omarigliptin in the United States) after a median follow-up 
of 96 weeks. No significant differences were observed between omarigliptin arm 
and placebo arm regarding the incidence of MACEs and hospitalization for 
HF [100].

Several meta-analyses of the first three prospective CVOTs (EXAMINE, 
SAVOR-TIMI 53, TECOS) failed to demonstrate any positive effect of DPP-4is 
compared to placebo on CV outcomes and mortality in diabetic patients with coex-
isting CVD [95, 101, 102]. Furthermore, because of the characteristics of the stud-
ied population, there was a lack of definitive evidence supporting the CV benefits of 
DPP-4is among diabetic patients free of CVD history [95].

 Observational Studies

 DPP-4is Versus Metformin

Using a new-user retrospective cohort derived from a US nationwide commercial 
claims database, DPP-4is exhibited similar risk for MACE compared to metformin, 
in patients with T2DM, without CVD or renal disease (adjusted HR = 1.07; 95% CI 
0.97–1.18) [103].

 DPP-4is Versus SUs

A systematic research of published data showed that the combination therapy of 
metformin plus DPP-4i was associated with a significant reduction in the relative 
risk of nonfatal CV events, CV mortality and all-cause mortality, compared with the 
combination therapy of metformin plus SUs [59]. In a retrospective US cohort, 
DPP-4is exhibited 13% lower risk for MACEs compared to SUs in T2DM patients 
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without CVD or renal disease (adjusted HR = 0.87; 95% CI 0.78–0.98), with signifi-
cantly lower rates of acute myocardial infarction, stroke and HF [103].

 DPP-4is Versus SGLT2is

In CVD-REAL2, a large, international, observational study, initiation of SGLT2is 
versus DPP-4is was associated with lower risks of HF, all-cause death, myocardial 
infarction and stroke [104]. These results confirmed findings reported in the CVD- 
REAL Nordic, which showed a higher rate of CV events in T2DM patients treated 
with DPP-4is compared to those treated with the SGLT2i dapagliflozin [105].

 DPP-4is Versus Different Comparators

A meta-analysis that combined RCTs and observational cohorts/registries in a total 
number of 157,478 participants with T2DM showed that treatment with DPP-4is 
did not significantly increase CV outcomes [106]. In a recent study from Taiwan 
based on a large nationwide diabetic cohort of 113,051 patients with T2DM, DPP4is 
as a second- or third-line add-on treatment provided CV benefits (mainly reduction 
in all-cause mortality and stroke) compared with other glucose-lowering agents, 
including SUs, acarbose and meglitinide [107].

 Concern About a Higher Risk of Heart Failure

The significant increase in the incidence of hospitalization for HF in patients treated 
with saxagliptin compared to patients having received placebo in SAVOR TIMI-53 
(HR 1.27; 95% CI 1.07–1.51; P = 0.007) was a surprising finding [97], which rose 
further dedicated attention to HF [108, 109]. A non-significant trend for such an 
increase was also observed in EXAMINE [96] and in CAROLINA [42], but not in 
TECOS [98] and not in CARMELINA [99] (Table 32.4). Whether this risk may be 
considered as a class effect remains a matter of controversy [110].

The relative effect of DPP-4is [111, 112], in general, and of saxagliptin [113], in 
particular, on the risk of HF in patients with T2DM remains uncertain. A meta- 
analysis of RCTs concluded that the use of DPP-4is was associated with a modest 
and nonsignificant increase of the HF risk (+5%) [114], while another meta-analysis 
of observational studies (all with sitagliptin) suggested that DPP-4is may increase 
the risk of hospital admission for HF (aOR 1.41, 95% CI 0.95–2.09), compared with 
no use, in those patients with existing CVD or multiple risk factors for vascular 
diseases, but with very low-quality evidence [111]. However, a differential effect of 
each DPP-4i on the risk of HF has been pointed out in another meta-analysis: the 
use of saxagliptin significantly increased the risk of HF by 21%, especially among 
patients with high CV risk, while no signals were detected with other DPP-4is 
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[115]. Nevertheless, despite pooled data from 79,867 patients, including the data 
from the first three CVOTs (EXAMINE, SAVOR-TIMI 53, TECOS), whether 
DPP-4is increase HF overall or exhibit within-class differences remains unresolved 
[112]. Of note, in a nationwide T2DM cohort, DPP-4i use was not associated with 
a higher risk of hospitalization for HF even in patients with pre-existing HF [116].

The reason for the increase in hospitalization for HF in patients treated with 
saxagliptin in SAVOR TIMI 53 is unclear, the statistical analysis has been criticized 
and a chance finding could not be excluded [113]. Currently, the safety of saxa-
gliptin regarding the risk of HF remains a matter of controversy, which, however, 
justifies a warning in the label of the compound.

Finally, in the VIVIDD (‘Vildagliptin in Ventricular Dysfunction Diabetes’) trial 
in patients with HF (New York Heart Association functional class I to III and left 
ventricular ejection fraction <0.40), vildagliptin, compared with placebo, had no 
major effect on left ventricular ejection fraction but did lead to an increase in left 
ventricular end-diastolic and end-systolic volumes, the cause and clinical signifi-
cance of which are unknown [117]. In a network meta-analysis that included RCTs 
as well as a small number of cohort studies, DPP-4is were more strongly associated 
with a negative impact on left ventricular end-diastolic volume than were placebos 
[118]. Thus, more evidence is needed regarding the safety of DPP-4is in patients 
with HF and left ventricular systolic dysfunction.

 Clinical Implications

 Place of Classical Glucose-Lowering Agents

Although SGLT2is [119] and GLP-1RAs [120] gained much interest in recent years 
because of the demonstration of CV and renal protection in CVOTs [2–5], metfor-
min, SUs and DPP-4is remain largely prescribed in the population with T2DM, both 
with and without established CVD. While metformin as first-line medication has 
been challenged in recent guidelines by cardiologists for T2DM patients with high 
risk of CVD [9, 10], it remains as initial background therapy (if well tolerated and 
not contraindicated) in all T2DM patients in the latest ADA-EASD consensus report 
[8], confirming its privileged place in the previous edition in 2018 [7]. Pros and 
contras of the use of metformin in patients with CVD remain highly debatable in the 
absence of a well-dedicated CVOT in high-risk T2DM patients [13–17]. 
Nevertheless, overall available data from observational studies support a positive 
CV impact of metformin. Furthermore, metformin, because of its pleiotropic effects, 
may be associated with a positive impact beyond any CV effect [14].

SUs are best positioned as glucose-lowering agents without any positive impact 
on CV outcomes. As they are associated with a risk of hypoglycaemia, the use of 
these agents should be restricted to patients with low risk of hypoglycaemia and 
should not be considered as an ideal medication in T2DM patients with 
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CVD. Nevertheless, despite a potentially increased CV risk associated with use of 
SUs, pre-existing CVD did not decrease clinicians’ relative prescriptions of SUs 
according to the data of a registry in Denmark [121]. Finally, the risk may vary 
between different SUs (gliclazide and glimepiride being apparently associated with 
the more favourable profile) and recent findings of CAROLINA [42], which showed 
a similar safety CV profile of glimepiride compared to linagliptin, may lead to some 
revival of SUs [41].

The CV safety of DPP-4is has been extensively demonstrated in prospective 
CVOTs and in numerous observational studies [11]. However, this pharmacological 
class does not provide CV protection in contrast to GLP-1RAs [87] and SGLT2-is 
[11]. Thus, they should not be prescribed with the aim to reduce the risk of CVD. A 
higher risk of hospitalization for HF, reported with saxagliptin [97] and sometimes 
considered as a class effect [110], remains a matter of controversy [113]; neverthe-
less, a warning is inserted in the label of saxagliptin. One advantage of DPP-4is, 
besides their CV safety, is an excellent overall tolerance and safety profile so that 
these glucose-lowering agents are well suited for elderly and frailty patients with 
T2DM [80, 81].

 Special Focus on Antidiabetic Agents in the COVID-19 Era

An increased risk of CVD has been noticed during the pandemic COVID-19 (coro-
navirus disease of 2019) [122] and T2DM is associated with a higher risk of more 
severe SARS-CoV-2 infection [123]. The prognostic factors in patients with T2DM 
exposed to COVID-19 are many [124], but the potential impact of antidiabetic 
agents on the course of the disease is unclear [125]. Several observational studies 
suggested that metformin may exert a positive influence by reducing the need for 
admission to intensive care units and the risk of mortality [126]. The potential effect 
of SUs is unknown in the absence of reported data [125]. Several retrospective 
observational studies compared the clinical outcomes between DPP-4i users versus 
non-users among diabetic patients with COVID-19. Overall, results regarding the 
risk of progression towards a severe form of the disease and mortality were hetero-
geneous, precluding from any definite conclusion [127]. Nevertheless, new expecta-
tions arose following recent reports of a significant reduction in admission in 
intensive care units and mortality in patients treated with sitagliptin [128]. However, 
because of limitations inherent to observational studies, available results should be 
considered at most as hypothesis generating hints pointing to potentially substantial 
benefits of DPP-4is in diabetic patients with COVID-19 [129]. While safe use of 
metformin and DPP-4is in COVID-19 patients seems an acceptable hypothesis, 
positive findings should be confirmed in RCTs before any recommendation for clin-
ical practice. As recently emphasized, most of these conclusions are preliminary, 
and further investigation of the optimal management in patients with diabetes mel-
litus is warranted [130].
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 Conclusion

Metformin, SUs and DPP-4is are widely used in patients with T2DM, yet none of 
these three pharmacological classes has shown a clear-cut reduction in MACEs in 
patients with established CVD or several CV risk factors. This lack of evidence 
contrasts with the CV protection consistently demonstrated with SGLT2is and 
GLP-1RAs in dedicated CVOTs and observational studies. DPP-4is have proven 
CV safety in several large prospective CVOTs, but no superiority compared with 
placebo. Thus, their place in the management of T2DM is challenged by the alterna-
tive use of medications with proven CV protection. Nevertheless, their excellent 
safety profile is attractive, especially in elderly and/or frailty patients with 
T2DM. SUs were generally associated with a higher risk of MACEs and mortality 
compared with DPP-4is in meta-analyses of RCTs and this difference was con-
firmed in meta-analyses of observational studies. However, recent RCTs gave more 
reassuring results when gliclazide or glimepiride were compared with other glucose- 
lowering agents, including a DPP-4i in CAROLINA.  Nevertheless, caution is 
required in patients with established CVD because of a higher risk of SU-associated 
hypoglycaemia. The position of metformin is more difficult to be defined. Indeed, 
while several indirect findings suggested a positive impact on CVD risk, thus con-
firming the initial observation of the UKPDS, no dedicated prospective CVOT has 
been performed with metformin in patients with T2DM and high CVD risk. Thus, 
the question arose whether metformin should be still considered as a first-line 
glucose- lowering therapy in such patients. Given metformin’s importance in the 
management of T2DM and its widespread use in patients with CVD or HF, the cur-
rent confidence in its benefits in high-risk patients needs to be re-evaluated in dedi-
cated RCTs or real-life observational studies using extensive high-quality databases. 
It is of major importance to determine the correct priority of initial drug therapy, 
define hierarchical best combinations of glucose-lowering medications and/or iden-
tify specific patient populations most likely to benefit from the cheap drug metfor-
min or new more expensive medications.

References

1. American Diabetes Association. 10. Microvascular complications and foot care: standards of 
medical care in diabetes-2018. Diabetes Care. 2018;41:S105–S18.

2. Cefalu WT, Kaul S, Gerstein HC, Holman RR, Zinman B, Skyler JS, et al. Cardiovascular 
outcomes trials in type 2 diabetes: where do we go from here? Reflections from a Diabetes 
Care Editors’ Expert Forum. Diabetes Care. 2018;41:14–31.

3. Home P.  Cardiovascular outcome trials of glucose-lowering medications: an update. 
Diabetologia. 2019;62:357–69.

4. Scheen AJ. Cardiovascular outcome studies in type 2 diabetes: comparison between SGLT2 
inhibitors and GLP-1 receptor agonists. Diabetes Res Clin Pract. 2018;143:88–100.

5. Zelniker TA, Wiviott SD, Raz I, Im K, Goodrich EL, Furtado RHM, et al. Comparison of 
the effects of glucagon-like peptide receptor agonists and sodium-glucose cotransporter 2 

A. J. Scheen



915

 inhibitors for prevention of major adverse cardiovascular and renal outcomes in type 2 diabe-
tes mellitus. Circulation. 2019;139:2022–31.

6. Ghosh-Swaby OR, Goodman SG, Leiter LA, Cheng A, Connelly KA, Fitchett D, et  al. 
Glucose-lowering drugs or strategies, atherosclerotic cardiovascular events, and heart failure 
in people with or at risk of type 2 diabetes: an updated systematic review and meta-analysis 
of randomised cardiovascular outcome trials. Lancet Diabetes Endocrinol. 2020;8:418–35.

7. Davies MJ, D’Alessio DA, Fradkin J, Kernan WN, Mathieu C, Mingrone G, et al. Management 
of hyperglycemia in type 2 diabetes, 2018. A consensus report by the American Diabetes 
Association (ADA) and the European Association for the Study of Diabetes (EASD). 
Diabetes Care. 2018;41:2669–701.

8. Buse JB, Wexler DJ, Tsapas A, Rossing P, Mingrone G, Mathieu C, et al. 2019 update to: 
management of hyperglycaemia in type 2 diabetes, 2018. A consensus report by the American 
Diabetes Association (ADA) and the European Association for the Study of Diabetes (EASD). 
Diabetologia. 2020;63:221–8.

9. Das SR, Everett BM, Birtcher KK, Brown JM, Januzzi JL Jr, Kalyani RR, et al. 2020 Expert 
consensus decision pathway on novel therapies for cardiovascular risk reduction in patients 
with type 2 diabetes: a report of the American College of Cardiology Solution Set Oversight 
Committee. J Am Coll Cardiol. 2020;76:1117–45.

10. Cosentino F, Grant PJ, Aboyans V, Bailey CJ, Ceriello A, Delgado V, et  al. 2019 ESC 
Guidelines on diabetes, pre-diabetes, and cardiovascular diseases developed in collaboration 
with the EASD. Eur Heart J. 2020;41:255–323.

11. Scheen AJ. Cardiovascular effects of new oral glucose-lowering agents: DPP-4 and SGLT-2 
inhibitors. Circ Res. 2018;122:1439–59.

12. Wilcox T, De Block C, Schwartzbard AZ, Newman JD. Diabetic agents, from metformin 
to SGLT2 inhibitors and GLP1 receptor agonists: JACC Focus Seminar. J Am Coll Cardiol. 
2020;75:1956–74.

13. Schernthaner G, Schernthaner GH. The right place for metformin today. Diabetes Res Clin 
Pract. 2020;159:107946.

14. Ahmad E, Sargeant JA, Zaccardi F, Khunti K, Webb DR, Davies MJ. Where does met-
formin stand in modern day management of type 2 diabetes? Pharmaceuticals (Basel). 
2020;13:427.

15. Luo F, Das A, Chen J, Wu P, Li X, Fang Z. Metformin in patients with and without diabetes: 
a paradigm shift in cardiovascular disease management. Cardiovasc Diabetol. 2019;18:54.

16. Zaccardi F, Khunti K, Marx N, Davies MJ. First-line treatment for type 2 diabetes: is it too 
early to abandon metformin? Lancet. 2020;396:1705–7.

17. Rena G, Mordi IR, Lang CC. Metformin: still the sweet spot for CV protection in diabetes? 
Curr Opin Pharmacol. 2020;54:202–8.

18. Foretz M, Guigas B, Bertrand L, Pollak M, Viollet B. Metformin: from mechanisms of action 
to therapies. Cell Metab. 2014;20:953–66.

19. Zilov AV, Abdelaziz SI, AlShammary A, Al Zahrani A, Amir A, Assaad Khalil SH, et  al. 
Mechanisms of action of metformin with special reference to cardiovascular protection. 
Diabetes Metab Res Rev. 2019;35:e3173.

20. UKPDS. Effect of intensive blood-glucose control with metformin on complications in over-
weight patients with type 2 diabetes (UKPDS 34). UK Prospective Diabetes Study (UKPDS) 
Group. Lancet. 1998;352:854–65.

21. Holman RR, Paul SK, Bethel MA, Matthews DR, Neil HA. 10-year follow-up of intensive 
glucose control in type 2 diabetes. N Engl J Med. 2008;359:1577–89.

22. Lamanna C, Monami M, Marchionni N, Mannucci E. Effect of metformin on cardiovascular 
events and mortality: a meta-analysis of randomized clinical trials. Diabetes Obes Metab. 
2011;13:221–8.

23. Boussageon R, Supper I, Bejan-Angoulvant T, Kellou N, Cucherat M, Boissel JP, et  al. 
Reappraisal of metformin efficacy in the treatment of type 2 diabetes: a meta-analysis of 
randomised controlled trials. PLoS Med. 2012;9:e1001204.

32 Metformin, Sulfonylureas, DPP-4 Inhibitors and Cardiovascular Outcomes …



916

24. Griffin SJ, Leaver JK, Irving GJ.  Impact of metformin on cardiovascular disease: a 
meta- analysis of randomised trials among people with type 2 diabetes. Diabetologia. 
2017;60:1620–9.

25. Han Y, Xie H, Liu Y, Gao P, Yang X, Shen Z. Effect of metformin on all-cause and cardiovas-
cular mortality in patients with coronary artery diseases: a systematic review and an updated 
meta-analysis. Cardiovasc Diabetol. 2019;18:96.

26. Zhang K, Yang W, Dai H, Deng Z. Cardiovascular risk following metformin treatment in 
patients with type 2 diabetes mellitus: results from meta-analysis. Diabetes Res Clin Pract. 
2020;160:108001.

27. Packer M. Is metformin beneficial for heart failure in patients with type 2 diabetes? Diabetes 
Res Clin Pract. 2018;136:168–70.

28. Bergmark BA, Bhatt DL, McGuire DK, Cahn A, Mosenzon O, Steg PG, et al. Metformin 
use and clinical outcomes among patients with diabetes mellitus with or without heart 
failure or kidney dysfunction: observations from the SAVOR-TIMI 53 trial. Circulation. 
2019;140:1004–14.

29. Roussel R, Travert F, Pasquet B, Wilson PW, Smith SC Jr, Goto S, et  al. Metformin use 
and mortality among patients with diabetes and atherothrombosis. Arch Intern Med. 
2010;170:1892–9.

30. Scheen AJ, Paquot N. Metformin revisited: a critical review of the benefit-risk balance in at- 
risk patients with type 2 diabetes. Diabetes Metab. 2013;39:179–90.

31. Inzucchi SE, Fitchett D, Jurisic-Erzen D, Woo V, Hantel S, Janista C, et al. Are the cardiovas-
cular and kidney benefits of empagliflozin influenced by baseline glucose-lowering therapy? 
Diabetes Obes Metab. 2020;22:631–9.

32. Packer M. Does metformin interfere with the cardiovascular benefits of SGLT2 inhibitors? 
Questions about its role as the cornerstone of diabetes treatment. Am J Med. 2020;133:781–2.

33. Crowley MJ, Williams JW Jr, Kosinski AS, D’Alessio DA, Buse JB. Metformin use may 
moderate the effect of DPP-4 Inhibitors on cardiovascular outcomes. Diabetes Care. 
2017;40:1787–9.

34. Scheen AJ.  Metformin—a cardiovascular moderator of DPP-4 inhibitors ? Nat Rev 
Endocrinol. 2018;14:8–9.

35. Scheen AJ.  Could metformin modulate cardiovascular outcomes differently with DPP-4 
inhibitors compared with SGLT2 inhibitors? Diabetes Metab. 2021;47:101209.

36. Singh AK, Singh R. Does background metformin therapy influence the cardiovascular out-
comes with SGLT-2 inhibitors in type 2 diabetes? Diabetes Res Clin Pract. 2021;172:108536.

37. Neuen BL, Arnott C, Perkovic V, Figtree G, de Zeeuw D, Fulcher G, et al. Sodium-glucose 
co-transporter-2 inhibitors with and without metformin: a meta-analysis of cardiovascular, 
kidney and mortality outcomes. Diabetes Obes Metab. 2021;23:382–90.

38. Zaccardi F, Kloecker DE, Buse JB, Mathieu C, Khunti K, Davies MJ. Use of metformin and 
cardiovascular effects of new classes of glucose-lowering agents: a meta-analysis of cardio-
vascular outcome trials in type 2 diabetes. Diabetes Care. 2021;44:e32–4.

39. Bromage DI, Yellon DM. The pleiotropic effects of metformin: time for prospective studies. 
Cardiovasc Diabetol. 2015;14:109.

40. Abdelmoneim AS, Eurich DT, Light PE, Senior PA, Seubert JM, Makowsky MJ, et  al. 
Cardiovascular safety of sulphonylureas: over 40 years of continuous controversy without an 
answer. Diabetes Obes Metab. 2015;17:523–32.

41. Leiter LA. Latest evidence on sulfonylureas: what’s new? Diabetes Ther. 2020;11:15–22.
42. Rosenstock J, Kahn SE, Johansen OE, Zinman B, Espeland MA, Woerle HJ, et al. Effect of 

linagliptin vs glimepiride on major adverse cardiovascular outcomes in patients with type 2 
diabetes: the CAROLINA randomized clinical trial. JAMA. 2019;322:1155–66.

43. Fernandez CJ, Veettil RA, Htwe N. Efficacy and cardiovascular safety of sulfonylureas. Curr 
Drug Saf. 2021;16:142–53.

44. Webb DR, Davies MJ, Jarvis J, Seidu S, Khunti K. The right place for sulphonylureas today. 
Diabetes Res Clin Pract. 2019;157:107836.

A. J. Scheen



917

45. Cordiner RLM, Pearson ER. Reflections on the sulphonylurea story: a drug class at risk of 
extinction or a drug class worth reviving? Diabetes Obes Metab. 2019;21:761–71.

46. Melander A, Bitzen PO, Faber O, Groop L. Sulphonylurea antidiabetic drugs. An update of 
their clinical pharmacology and rational therapeutic use. Drugs. 1989;37:58–72.

47. Cole WC, McPherson CD, Sontag D. ATP-regulated K+ channels protect the myocardium 
against ischemia/reperfusion damage. Circ Res. 1991;69:571–81.

48. Program UGD. A study of the effects of hypoglycemic agents on vascular complications in 
patients with adult-onset diabetes: sections I and II. Diabetes. 1970;19:747–830.

49. University Group Diabetes Program. A study of the effects of hypoglycemia agents on vascu-
lar complications in patients with adult-onset diabetes. VI. Supplementary report on nonfatal 
events in patients treated with tolbutamide. Diabetes. 1976;25:1129–53.

50. UK Prospective Diabetes Study (UKPDS) Group. Intensive blood-glucose control with sul-
phonylureas or insulin compared with conventional treatment and risk of complications in 
patients with type 2 diabetes (UKPDS 33). Lancet. 1998;352:837–53.

51. Patel A, MacMahon S, Chalmers J, Neal B, Billot L, Woodward M, et al. Intensive blood 
glucose control and vascular outcomes in patients with type 2 diabetes. N Engl J Med. 
2008;358:2560–72.

52. Vaccaro O, Masulli M, Nicolucci A, Bonora E, Del Prato S, Maggioni AP, et al. Effects on 
the incidence of cardiovascular events of the addition of pioglitazone versus sulfonylureas 
in patients with type 2 diabetes inadequately controlled with metformin (TOSCA.IT): a ran-
domised, multicentre trial. Lancet Diabetes Endocrinol. 2017;5:887–97.

53. UK Prospective Diabetes Study (UKPDS) Group. Effect of intensive blood-glucose control 
with metformin on complications in overweight patients with type 2 diabetes (UKPDS 34). 
UK Prospective Diabetes Study (UKPDS) Group. Lancet. 1998;352:854–65.

54. Monami M, Genovese S, Mannucci E.  Cardiovascular safety of sulfonylureas: a meta- 
analysis of randomized clinical trials. Diabetes Obes Metab. 2013;15:938–53.

55. Lee G, Oh SW, Hwang SS, Yoon JW, Kang S, Joh HK, et al. Comparative effectiveness of 
oral antidiabetic drugs in preventing cardiovascular mortality and morbidity: a network meta- 
analysis. PLoS One. 2017;12:e0177646.

56. Wu S, Cipriani A, Yang Z, Yang J, Cai T, Xu Y, et al. The cardiovascular effect of incretin- 
based therapies among type 2 diabetes: a systematic review and network meta-analysis. 
Expert Opin Drug Saf. 2018;17:243–9.

57. Bain S, Druyts E, Balijepalli C, Baxter CA, Currie CJ, Das R, et  al. Cardiovascular 
events and all-cause mortality associated with sulphonylureas compared with other anti-
hyperglycaemic drugs: a Bayesian meta-analysis of survival data. Diabetes Obes Metab. 
2017;19:329–35.

58. Zhang Y, Hong J, Chi J, Gu W, Ning G, Wang W. Head-to-head comparison of dipeptidyl 
peptidase-IV inhibitors and sulfonylureas—a meta-analysis from randomized clinical trials. 
Diabetes Metab Res Rev. 2014;30:241–56.

59. Wang F, He Y, Zhang R, Zeng Q, Zhao X. Combination therapy of metformin plus dipep-
tidyl peptidase-4 inhibitor versus metformin plus sulfonylurea and their association with 
a decreased risk of cardiovascular disease in type 2 diabetes mellitus patients. Medicine 
(Baltimore). 2017;96:e7638.

60. Chou CY, Chang YT, Yang JL, Wang JY, Lee TE, Wang RY, et al. Effect of long-term incretin- 
based therapies on ischemic heart diseases in patients with type 2 diabetes mellitus: a network 
meta-analysis. Sci Rep. 2017;7:15795.

61. Hong J, Zhang Y, Lai S, Lv A, Su Q, Dong Y, et al. Effects of metformin versus glipizide 
on cardiovascular outcomes in patients with type 2 diabetes and coronary artery disease. 
Diabetes Care. 2013;36:1304–11.

62. Scheen AJ.  Cardiovascular safety of DPP-4 inhibitors compared to sulphonylureas: 
results of randomized controlled trials and observational studies. Diabetes Metab. 
2018;44:386–92.

32 Metformin, Sulfonylureas, DPP-4 Inhibitors and Cardiovascular Outcomes …



918

63. Mannucci E, Monami M, Candido R, Pintaudi B, Targher G, SID-AMD joint panel for 
Italian Guidelines on Treatment of Type 2 Diabetes. Effect of insulin secretagogues on major 
 cardiovascular events and all-cause mortality: a meta-analysis of randomized controlled tri-
als. Nutr Metab Cardiovasc Dis. 2020;30:1601–8.

64. Roumie CL, Hung AM, Greevy RA, Grijalva CG, Liu X, Murff HJ, et al. Comparative effec-
tiveness of sulfonylurea and metformin monotherapy on cardiovascular events in type 2 dia-
betes mellitus: a cohort study. Ann Intern Med. 2012;157:601–10.

65. Roumie CL, Chipman J, Min JY, Hackstadt AJ, Hung AM, Greevy RA Jr, et al. Association 
of treatment with metformin vs sulfonylurea with major adverse cardiovascular events among 
patients with diabetes and reduced kidney function. JAMA. 2019;322:1167–77.

66. Varas-Lorenzo C, Margulis AV, Pladevall M, Riera-Guardia N, Calingaert B, Hazell L, et al. 
The risk of heart failure associated with the use of noninsulin blood glucose-lowering drugs: 
systematic review and meta-analysis of published observational studies. BMC Cardiovasc 
Disord. 2014;14:129.

67. Azoulay L, Suissa S.  Sulfonylureas and the risks of cardiovascular events and death: a 
methodological meta-regression analysis of the observational studies. Diabetes Care. 
2017;40:706–14.

68. Kim KJ, Choi J, Lee J, Bae JH, An JH, Kim HY, et al. Dipeptidyl peptidase-4 inhibitor com-
pared with sulfonylurea in combination with metformin: cardiovascular and renal outcomes 
in a propensity-matched cohort study. Cardiovasc Diabetol. 2019;18:28.

69. Pop LM, Lingvay I. The infamous, famous sulfonylureas and cardiovascular safety: much 
ado about nothing? Curr Diab Rep. 2017;17:124.

70. Simpson SH, Lee J, Choi S, Vandermeer B, Abdelmoneim AS, Featherstone TR. Mortality 
risk among sulfonylureas: a systematic review and network meta-analysis. Lancet Diabetes 
Endocrinol. 2015;3:43–51.

71. Ferrannini E, DeFronzo RA. Impact of glucose-lowering drugs on cardiovascular disease in 
type 2 diabetes. Eur Heart J. 2015;36:2288–96.

72. Douros A, Yin H, Yu OHY, Filion KB, Azoulay L, Suissa S. Pharmacologic differences of sul-
fonylureas and the risk of adverse cardiovascular and hypoglycemic events. Diabetes Care. 
2017;40:1506–13.

73. Leonard CE, Brensinger CM, Aquilante CL, Bilker WB, Boudreau DM, Deo R, et  al. 
Comparative safety of sulfonylureas and the risk of sudden cardiac arrest and ventricular 
arrhythmia. Diabetes Care. 2018;41:713–22.

74. Huang HK, Yeh JI. Comparison of mortality and cardiovascular event risk associated with 
various insulin secretagogues: a nationwide real-world analysis. Diabetes Res Clin Pract. 
2019;152:103–10.

75. van Dalem J, Brouwers M, Stehouwer CDA, Krings A, Klungel OH, Driessen JHM, 
et  al. Risk of a first-ever acute myocardial infarction and all-cause mortality with 
sulphonylurea treatment: a population-based cohort study. Diabetes Obes Metab. 
2018;20:1056–60.

76. Singh AK, Singh R. Is gliclazide a sulfonylurea with difference? A review in 2016. Expert 
Rev Clin Pharmacol. 2016;9:839–51.

77. Colagiuri S, Matthews D, Leiter LA, Chan SP, Sesti G, Marre M. The place of gliclazide MR 
in the evolving type 2 diabetes landscape: a comparison with other sulfonylureas and newer 
oral antihyperglycemic agents. Diabetes Res Clin Pract. 2018;143:1–14.

78. Philip J, Fernandez CJ. Efficacy and cardiovascular safety of meglitinides. Curr Drug Saf. 
2021;16:207–16.

79. Holman RR, Haffner SM, McMurray JJ, Bethel MA, Holzhauer B, Hua TA, et  al. Effect 
of nateglinide on the incidence of diabetes and cardiovascular events. N Engl J Med. 
2010;362:1463–76.

80. Deacon CF. Dipeptidyl peptidase 4 inhibitors in the treatment of type 2 diabetes mellitus. Nat 
Rev Endocrinol. 2020;16:642–53.

81. Scheen AJ.  The safety of gliptins: updated data in 2018. Expert Opin Drug Saf. 
2018;17:387–405.

A. J. Scheen



919

82. Scheen AJ. Pharmacokinetics and clinical use of incretin-based therapies in patients with 
chronic kidney disease and type 2 diabetes. Clin Pharmacokinet. 2015;54:1–21.

83. Drucker DJ, Nauck MA. The incretin system: glucagon-like peptide-1 receptor agonists and 
dipeptidyl peptidase-4 inhibitors in type 2 diabetes. Lancet. 2006;368:1696–705.

84. Scheen AJ. Cardiovascular effects of gliptins. Nat Rev Cardiol. 2013;10:73–84.
85. Mulvihill EE, Drucker DJ. Pharmacology, physiology, and mechanisms of action of dipepti-

dyl peptidase-4 inhibitors. Endocr Rev. 2014;35:992–1019.
86. Ussher JR, Drucker DJ.  Cardiovascular actions of incretin-based therapies. Circ Res. 

2014;114:1788–803.
87. Nauck MA, Meier JJ, Cavender MA, Abd El Aziz M, Drucker DJ. Cardiovascular actions and 

clinical outcomes with glucagon-like peptide-1 receptor agonists and dipeptidyl peptidase-4 
inhibitors. Circulation. 2017;136:849–70.

88. Ussher JR, Drucker DJ.  Cardiovascular biology of the incretin system. Endocr Rev. 
2012;33:187–215.

89. White WB, Pratley R, Fleck P, Munsaka M, Hisada M, Wilson C, et al. Cardiovascular safety 
of the dipetidyl peptidase-4 inhibitor alogliptin in type 2 diabetes mellitus. Diabetes Obes 
Metab. 2013;15:668–73.

90. Iqbal N, Parker A, Frederich R, Donovan M, Hirshberg B. Assessment of the cardiovascular 
safety of saxagliptin in patients with type 2 diabetes mellitus: pooled analysis of 20 clinical 
trials. Cardiovasc Diabetol. 2014;13:33.

91. Engel SS, Golm GT, Shapiro D, Davies MJ, Kaufman KD, Goldstein BJ. Cardiovascular 
safety of sitagliptin in patients with type 2 diabetes mellitus: a pooled analysis. Cardiovasc 
Diabetol. 2013;12:3.

92. Johansen OE, Neubacher D, von Eynatten M, Patel S, Woerle HJ. Cardiovascular safety with 
linagliptin in patients with type 2 diabetes mellitus: a pre-specified, prospective, and adjudi-
cated meta-analysis of a phase 3 programme. Cardiovasc Diabetol. 2012;11:3.

93. McInnes G, Evans M, Del Prato S, Stumvoll M, Schweizer A, Lukashevich V, et  al. 
Cardiovascular and heart failure safety profile of vildagliptin: a meta-analysis of 17 000 
patients. Diabetes Obes Metab. 2015;17:1085–92.

94. Monami M, Ahren B, Dicembrini I, Mannucci E.  Dipeptidyl peptidase-4 inhibitors and 
cardiovascular risk: a meta-analysis of randomized clinical trials. Diabetes Obes Metab. 
2013;15:112–20.

95. Xu S, Zhang X, Tang L, Zhang F, Tong N. Cardiovascular effects of dipeptidyl peptidase-4 
inhibitor in diabetic patients with and without established cardiovascular disease: a meta- 
analysis and systematic review. Postgrad Med. 2017;129:205–15.

96. White WB, Cannon CP, Heller SR, Nissen SE, Bergenstal RM, Bakris GL, et  al. 
Alogliptin after acute coronary syndrome in patients with type 2 diabetes. N Engl J Med. 
2013;369:1327–35.

97. Scirica BM, Bhatt DL, Braunwald E, Steg PG, Davidson J, Hirshberg B, et al. Saxagliptin 
and cardiovascular outcomes in patients with type 2 diabetes mellitus. N Engl J Med. 
2013;369:1317–26.

98. Green JB, Bethel MA, Armstrong PW, Buse JB, Engel SS, Garg J, et al. Effect of sitagliptin 
on cardiovascular outcomes in type 2 diabetes. N Engl J Med. 2015;373:232–42.

99. Rosenstock J, Perkovic V, Johansen OE, Cooper ME, Kahn SE, Marx N, et  al. Effect 
of linagliptin vs placebo on major cardiovascular events in adults with type 2 diabe-
tes and high cardiovascular and renal risk: the CARMELINA randomized clinical trial. 
JAMA. 2018;321:69–79.

100. Gantz I, Chen M, Suryawanshi S, Ntabadde C, Shah S, O’Neill EA, et al. A random-
ized, placebo-controlled study of the cardiovascular safety of the once-weekly DPP-4 
inhibitor omarigliptin in patients with type 2 diabetes mellitus. Cardiovasc Diabetol. 
2017;16:112.

101. Mahmoud AN, Saad M, Mansoor H, Elgendy AY, Barakat AF, Abuzaid A, et  al. 
Cardiovascular safety of incretin-based therapy for type 2 diabetes: a meta-analysis of ran-
domized trials. Int J Cardiol. 2017;230:324–6.

32 Metformin, Sulfonylureas, DPP-4 Inhibitors and Cardiovascular Outcomes …



920

102. Abbas AS, Dehbi HM, Ray KK. Cardiovascular and non-cardiovascular safety of dipeptidyl 
peptidase-4 inhibition: a meta-analysis of randomized controlled cardiovascular outcome tri-
als. Diabetes Obes Metab. 2016;18:295–9.

103. Baksh SN, Segal JB, McAdams-DeMarco M, Kalyani RR, Alexander GC, Ehrhardt 
S. Dipeptidyl peptidase-4 inhibitors and cardiovascular events in patients with type 2 diabe-
tes, without cardiovascular or renal disease. PLoS One. 2020;15:e0240141.

104. Kohsaka S, Lam CSP, Kim DJ, Cavender MA, Norhammar A, Jorgensen ME, et al. Risk of 
cardiovascular events and death associated with initiation of SGLT2 inhibitors compared 
with DPP-4 inhibitors: an analysis from the CVD-REAL 2 multinational cohort study. Lancet 
Diabetes Endocrinol. 2020;8:606–15.

105. Persson F, Nystrom T, Jorgensen ME, Carstensen B, Gulseth HL, Thuresson M, et  al. 
Dapagliflozin is associated with lower risk of cardiovascular events and all-cause mortality in 
type 2 diabetes patients (CVD-REAL Nordic) when compared to DPP-4 inhibitors: a multi-
national observational study. Diabetes Obes Metab. 2018;20:344–51.

106. Liu D, Jin B, Chen W, Yun P. Dipeptidyl peptidase 4 (DPP-4) inhibitors and cardiovascular 
outcomes in patients with type 2 diabetes mellitus (T2DM): a systematic review and meta- 
analysis. BMC Pharmacol Toxicol. 2019;20:15.

107. Ou HT, Chang KC, Li CY, Wu JS. Comparative cardiovascular risks of dipeptidyl peptidase 4 
inhibitors with other second- and third-line antidiabetic drugs in patients with type 2 diabetes. 
Br J Clin Pharmacol. 2017;83:1556–70.

108. Savarese G, Schrage B, Cosentino F, Lund LH, Rosano GMC, Seferovic P, et al. Non-insulin 
antihyperglycaemic drugs and heart failure: an overview of current evidence from random-
ized controlled trials. ESC Heart Fail. 2020;7:3438–51.

109. Seferovic PM, Coats AJS, Ponikowski P, Filippatos G, Huelsmann M, Jhund PS, et  al. 
European Society of Cardiology/Heart Failure Association position paper on the role 
and safety of new glucose-lowering drugs in patients with heart failure. Eur J Heart Fail. 
2020;22:196–213.

110. Packer M. Worsening heart failure during the use of DPP-4 inhibitors: pathophysiological 
mechanisms, clinical risks, and potential influence of concomitant antidiabetic medications. 
JACC Heart Fail. 2018;6:445–51.

111. Li L, Li S, Deng K, Liu J, Vandvik PO, Zhao P, et al. Dipeptidyl peptidase-4 inhibitors and 
risk of heart failure in type 2 diabetes: systematic review and meta-analysis of randomised 
and observational studies. BMJ. 2016;352:i610.

112. Verma S, Goldenberg RM, Bhatt DL, Farkouh ME, Quan A, Teoh H, et al. Dipeptidyl pepti-
dase- 4 inhibitors and the risk of heart failure: a systematic review and meta-analysis. CMAJ 
Open. 2017;5:E152–E77.

113. Standl E, Erbach M, Schnell O.  Dipeptidyl-peptidase-4 inhibitors and heart failure: class 
effect, substance-specific effect, or chance effect? Curr Treat Options Cardiovasc Med. 
2014;16:353.

114. Giugliano D, Maiorino MI, Longo M, Bellastella G, Chiodini P, Esposito K. Type 2 diabetes 
and risk of heart failure: a systematic review and meta-analysis from cardiovascular outcome 
trials. Endocrine. 2019;65:15–24.

115. Kongwatcharapong J, Dilokthornsakul P, Nathisuwan S, Phrommintikul A, Chaiyakunapruk 
N. Effect of dipeptidyl peptidase-4 inhibitors on heart failure: a meta-analysis of randomized 
clinical trials. Int J Cardiol. 2016;211:88–95.

116. Ou SM, Chen HT, Kuo SC, Chen TJ, Shih CJ, Chen YT. Dipeptidyl peptidase-4 inhibitors 
and cardiovascular risks in patients with pre-existing heart failure. Heart. 2017;103:414–20.

117. McMurray JJV, Ponikowski P, Bolli GB, Lukashevich V, Kozlovski P, Kothny W, et  al. 
Effects of vildagliptin on ventricular function in patients with type 2 diabetes mellitus and 
heart failure: a randomized placebo-controlled trial. JACC Heart Fail. 2018;6:8–17.

118. Zhang DP, Xu L, Wang LF, Wang HJ, Jiang F. Effects of antidiabetic drugs on left ventricular 
function/dysfunction: a systematic review and network meta-analysis. Cardiovasc Diabetol. 
2020;19:10.

A. J. Scheen



921

119. Scheen AJ. Sodium-glucose co-transporter type 2 inhibitors for the treatment of type 2 diabe-
tes mellitus. Nat Rev Endocrinol. 2020;16:556–77.

120. Kristensen SL, Rorth R, Jhund PS, Docherty KF, Sattar N, Preiss D, et al. Cardiovascular, 
mortality, and kidney outcomes with GLP-1 receptor agonists in patients with type 2 diabe-
tes: a systematic review and meta-analysis of cardiovascular outcome trials. Lancet Diabetes 
Endocrinol. 2019;7:776–85.

121. Nilsson M, Rungby J, Lassota N, Jorgensen AD, Ibsen R, Kjellberg J. No Impact of Pre- 
existing cardiovascular disease on prescribing patterns of sulphonylureas in Denmark—a 
registry-based nationwide study. Basic Clin Pharmacol Toxicol. 2018;122:606–11.

122. Nishiga M, Wang DW, Han Y, Lewis DB, Wu JC. COVID-19 and cardiovascular disease: 
from basic mechanisms to clinical perspectives. Nat Rev Cardiol. 2020;17:543–58.

123. Apicella M, Campopiano MC, Mantuano M, Mazoni L, Coppelli A, Del Prato S. COVID-19 in 
people with diabetes: understanding the reasons for worse outcomes. Lancet Diabetes 
Endocrinol. 2020;8:782–92.

124. Scheen AJ, Marre M, Thivolet C. Prognostic factors in patients with diabetes hospitalized 
for COVID-19: findings from the CORONADO study and recent reports. Diabetes Metab. 
2020;46:265–71.

125. Singh AK, Singh R, Saboo B, Misra A.  Non-insulin anti-diabetic agents in patients with 
type 2 diabetes and COVID-19: a critical appraisal of literature. Diabetes Metab Syndr. 
2020;15:159–67.

126. Scheen AJ.  Metformin and COVID-19: from cellular mechanisms to reduced mortality. 
Diabetes Metab. 2020;46:423–6.

127. Scheen AJ. DPP-4 inhibition and COVID-19: From initial concerns to recent expectations. 
Diabetes Metab. 2021;47:101213.

128. Solerte SB, D’Addio F, Trevisan R, Lovati E, Rossi A, Pastore I, et al. Sitagliptin treatment 
at the time of hospitalization was associated with reduced mortality in patients with type 
2 diabetes and COVID-19: a multicenter, case-control, retrospective, observational study. 
Diabetes Care. 2020;43:2999–3006.

129. Nauck MA, Meier JJ. Reduced COVID-19 mortality with sitagliptin treatment? Weighing 
the dissemination of potentially lifesaving findings against the assurance of high scientific 
standards. Diabetes Care. 2020;43:2906–9.

130. Lim S, Bae JH, Kwon HS, Nauck MA. COVID-19 and diabetes mellitus: from pathophysiol-
ogy to clinical management. Nat Rev Endocrinol. 2021;17:11–30.

32 Metformin, Sulfonylureas, DPP-4 Inhibitors and Cardiovascular Outcomes …



923

Chapter 33
SGLT2 Inhibitors and GLP1 Antagonists 
on Diabetes and Cardiovascular Disease

David Fitchett

 Introduction

Cardiovascular disease (CVD) is a common complication of diabetes [1] and results 
in an important reduction of life expectancy [2] and morbidity due to an increased 
prevalence of vascular events (MI/Stroke/Amputation) [3], heart failure [4] and dia-
betic kidney disease [5]. Heart failure in the patient with diabetes is common [6], 
often unrecognised [7], has a high mortality [8] and can be exacerbated by certain 
glucose-lowering agents [9]. Diabetic kidney disease is also common, progressive 
and the most frequent cause of end-stage renal disease [10].

Recently, there has been a paradigm shift in the management strategies for the 
patient with diabetes. For years, diabetes management had a glucocentric approach, 
with little focus on CV risk reduction. Subsequent research showed the enhanced 
benefit of CV risk factor reduction with control of risk factors such as hypertension, 
LDL cholesterol and lifestyle issues such as weight and smoking. In the past 5 
years, glucose-lowering agents were identified, which reduce CV events. Until 
recently, we had no definitive evidence that any glucose-lowering agent impacted on 
cardiovascular outcomes. Studies with metformin [11] and pioglitazone [12] had 
suggested that they might reduce CVD; however, the trials were either too small or 
only secondary CVD outcomes were reduced. After concern that rosiglitazone 
might increase myocardial infarction and mortality [13], the FDA mandated that all 
new glucose-lowering agent be subjected to clinical safety trials in patients with 
high CV risk (U.S. Food and Drug Administration Center for Drug Evaluation and 
Research Guidance for Industry: Diabetes Mellitus—Evaluating Cardiovascular 
Risk in New Antidiabetic Therapies to Treat Type 2 Diabetes. Silver Spring, MD, 
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U.S. Department of Health and Human Services, 2008, pp. 1–5). The trials had to 
include patients at high CV risk and be of sufficient duration to observe adequate 
numbers of CV events and show an upper confidence interval of the point estimate 
of hazard ration of the primary outcome to be less than 1.3. All were multicentred, 
placebo-controlled randomised controlled trials. The statistical design of the trial 
was to show non-inferiority, and then in the majority of the studies, if non- inferiority 
was shown, an assessment of superiority. Glucose control was encouraged in both 
the treatment and placebo arms, with the A1C level aimed at the local guide-
line target.

In 2015, the results of the EMPA-Reg Outcome trial with the sodium–glucose 
cotransporter 2 inhibitor (SGLT2i) empagliflozin changed clinical practice. It was 
the first randomised placebo-controlled clinical trial to show definitively that a 
glucose- lowering agent could reduce CV events. Subsequently, further studies with 
SGLT2i (with canagliflozin [14, 15] and dapaglifozin [16]) and three with a 
glucagon- like peptide 1 agonist (GLP-1 A) (liraglutide [17], dulaglutide [18] and 
semaglutide [19]) have demonstrated a reduction of CV events. However, there have 
been studies with agents from both classes of agents that have showed no CV ben-
efit. This chapter will discuss the clinical trial evidence for each class of drugs, their 
potential mechanisms of action and clinical application.

 Sodium–Glucose Cotransporter 2 Inhibitors (SGLT2i)

Glucose filtered by the glomerulus is effectively removed from the filtrate by active 
uptake in the proximal renal tubule, such that virtually no glucose is present in the 
urine of normal individuals. Tubular glucose uptake is coupled to sodium transport 
with SGLT2 driving sodium across the Na+ gradient which is maintained by a 
sodium–potassium ATPase [20] (Fig. 33.1). SGLT2 is located in segment 1 of the 
proximal renal tubule and takes up equimolar amounts of glucose and sodium. Any 
remaining glucose is removed by the SGLT1 cotransporter in segment 3 of the prox-
imal tubule. In patients with diabetes, the expression of SGLT2 is enhanced result-
ing in a higher threshold of blood glucose to cause glycosuria.

Since the nineteenth century, it has been known that an extract of apple bark 
(shown to contain the agent phlorizin) caused glucosuria [21]. Phlorizin was later 
shown to inhibit both the SGLT1 and 2 cotransporters yet had a limited value in 
diabetes management due to a high incidence of gastrointestinal side effects, likely 
due to inhibition of the SGLT1 cotransporter. While SGLT2 is almost entirely con-
fined to the renal tubule, SGLT1 is more widely expressed in the heart, GI tract as 
well as the kidney. Current SGLT2 inhibitors have a much greater selectivity for 
SGLT2 than SGLT1 than phlorizin (Table  33.1), eliminating the adverse effects 
attributed to SGLT1 inhibition. Yet the cardiovascular and renal consequences of 
SGLT1 inhibition in man are largely unknown.
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Fig. 33.1 The location and action of the sodium–glucose cotransporter 2. The SGLT2 cotrans-
porter is located in the proximal tubule and transports approximately 80% of the filtered glucose. 
Any remaining glucose in the tubule is transported by SGLT1 cotransporter located more distally 
in the proximal tubule. Reprinted with permission from Zelniker and Braunwald 2018 [20]

Table 33.1 Selectivity of SGLT2 inhibitors for SGLT2 and SGLT1

Molecule SGLT2 (IC50 nM) SGLT1 (IC50 nM) SGLT2 selectivity over SGLT1

Empagliflozin 3.1 8300 ~2500-fold
Ertugliflozin 0.87 1960 ~2000-fold
Dapagliflozin 1.2 1400 ~1200-fold
Canagliflozin 2.7 710 ~250-fold
Sotagliflozin 1.8 36 ~20-fold
Phlorizin 2800 4200 ~1.5-fold

Reprinted from https://www.researchgate.net/figure/SGLT2- SGLT1- selectivity- of- main- SGLT- 
inhibitors- 33- 37_tbl1_320204564
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 Pharmacological Effects of SGLT2 Inhibitors

SGLT2 inhibition results in the excretion of approximately 80 g of glucose per day 
in individuals with normal renal function with a consequent reduction of blood 
sugar, reducing blood sugar by a similar degree as other oral glucose-lowering 
agents. As the glycaemic effect of SGLT2 inhibitors is independent of insulin secre-
tion or sensitivity, SGLT2 inhibitors can be effectively combined with any other 
glucose-lowering agent including insulin for additional glucose lowering. 
Hypoglycaemia is rarely observed unless the SGLT2i is combined with an agent 
that may cause hypoglycaemia (i.e. insulin and sulphonylureas). Body weight is 
reduced by 2–3 kg during the first weeks of treatment but does not usually fall fur-
ther. Cardiovascular effects include lowering BP (approximately 5–7/2–3 mmHg), 
without any change of heart rate. Uric acid is reduced and there is a very modest 
increase of LDL cholesterol (~0.1 mmol/l).

 Cardiovascular Safety Trials of SGLT2 Inhibitors

The clinical characteristics of the patients in the individual SGLT2 trials are shown 
in Table 33.2. The outcomes of the placebo groups of the trials (shown in Table 33.3) 
vary widely indicating the range of CV risk in the patient groups of each trial.

Table 33.2 Baseline characteristics of patients included in the SGLT2 CVD trials

Entry criteria Age
CVD 
(%)

Heart 
failure 
(%)

eGFR < 60 ml/
min/1.73 m 
(%)

Mean eGFR 
ml/
min/1.73 m2

EMPA REG 
Empagliflozin

CVD A1C > 7.0% 
eGFR > 30

63.1 100 10.2 25.9 74.2

CANVAS 
Canagliflozin

CVD or MRF 
A1C > 7.0% 
eGFR > 30

63.3 66.6 14.4 n/a 76.5

CREDENCE 
Canagliflozin

A1 > 6.5% eGFR 
30–90 Proteinuria 
300–5000 mg/day

63 50.4 14.8 59.2 56.2

DECLARE 
Dapagliflozin

CVD or MRF 
A1C > 6.5% 
eGFR > 60

64.0 40 10.1 7 85.3

VERTIS 
Ertugliflozin

CVD A1C > 7.0% 
eGFR > 60

64.4 100 24 22.4 76.0

MRF Multiple risk factors, CVD Cardiovascular disease
CVD: % of patients with atherosclerotic cardiovascular disease, heart failure % of patients with 
investigator reported history of heart failure, eGFR  <  60  ml/min/1.73  m2: % of patients with 
eGFR < 60 ml/min/1.73 m2, eGFR average eGFR
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Table 33.3 Baseline ASCVD and CKC with outcomes in placebo groups in SGLT2 inhibitor trials

Agent TRIAL
ASCVD 
(%)

CKD eGFR < 60 Mean 
eGFR MACE

CV 
death

All cause 
death

Events/1000/year

Empagliflozin 
EMPA-REG

100 30%
74.2

43.9 20.2 28.6

Canagliflozin 
CREDENCE

50.4 59%
56.2

48.7 35.0 24.4

Canagliflozin 
CANVAS

65.6 34.4%
76.5

31.5 12.8 19.5

Dapagliflozin 
DECLARE

40.6 0%
85.4

24.2 7.1 16.4

Ertugliflozin VERTIS 100 22.4%
76.0

40 19 NA

ASCVD Atherosclerotic Cardiovascular disease, CKD Chronic kidney disease, MACE Major 
Adverse Cardiac Events (Cardiovascular mortality, non-fatal myocardial infarction, non- 
fatal stroke)

 EMPA REG Outcome [22]

The EMPA REG Outcome trial is the CV safety study for empagliflozin mandated 
by the FDA.  It included 7020 individuals with established CVD who were ran-
domised to placebo, empagliflozin 10 mg and empagliflozin 25 mg in equal num-
bers. After a median observation time of 3.1 years the primary combined endpoint 
of cardiovascular death, non-fatal myocardial infarction and non-fatal stroke was 
reduced by 14% (HR 0.86 95% CI 0.74–0.99). The significant reduction of the pri-
mary endpoint was driven by a 38% reduction of CV mortality (Fig. 33.2). The 
reduction of mortality in the empagliflozin group was seen early and the benefit 
persisted throughout the treatment period. Non-fatal myocardial infarction and 
stroke were not significantly reduced.

The CV mortality reduction was observed in a wide range of subgroups that 
included gender, ethnic origin, degree of risk factor control, A1C at baseline and 
during treatment, medications (including insulin and metformin), baseline cardio-
vascular disease (coronary heart disease, myocardial infarction, stroke, peripheral 
vascular disease, history of coronary bypass surgery, atrial fibrillation and heart 
failure), renal function, criteria for metabolic syndrome and the presence of micro-
vascular disease. Benefit was observed in patients with an eGFR down to 30 ml/
min/1.73 m2, despite minimal glucose lowering with this degree of renal impairment.

All-cause mortality was reduced by 32% (HR 0.68 95% CI 0.57–0.82) conse-
quent to the reduction of CV mortality, as non-CV mortality was not changed. 
Empagliflozin treatment resulted in a projected 2–5 year increase in life expectancy. 
The number of patients to treat (NNT) for 3 years to prevent one death was 39 which 
compares favourably with other CV treatments (Simvastatin for 5.4 years in 4S 
NNT 30; Ramipril for 5 years in HOPE NNT 56; and Liraglutide for 3 years in 
LEADER NNT 98).

33 SGLT2 Inhibitors and GLP1 Antagonists on Diabetes and Cardiovascular Disease
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Fig. 33.2 Cumulative cardiovascular mortality in patients receiving empagliflozin and placebo 
(EMPA REG Outcome). Reproduced with permission from Zinman et al. N Engl J Med [22]

Non-fatal MI was not significantly reduced (HR 0.87 95% CI 0.7–1.09). Non- 
fatal stroke was nonsignificantly increased (HR 1.24 95% CI 0.92–1.67). Yet most 
of the small excess of strokes in the treatment group occurred long after empa-
gliflozin was discontinued [23]. Empagliflozin treatment resulted in a slower pro-
gression of kidney disease with a 39% (HR 0.61 95% CI 0.53–0.70) reduction of the 
primary renal endpoint (progression to macroalbuminuria, doubling of serum cre-
atinine, initiation of dialysis or death from renal disease) [24].

Admission to hospital with heart failure was reduced by 35% (HR 0.65 95% CI 
0.5–0.85). Empagliflozin reduced recurrent vascular events including myocardial 
infarction (rate ratio 0.79, 95% CI 0.62–0.99). First plus recurrent admissions for 
heart failure were reduced by 42% (rate ratio 0.58 95% CI 0.42–0.81) and all-cause 
hospitalisations by 17% (rate ratio 0.83 95% CI 0.76–0.91).

 CANVAS [14]

In the CANVAS trial, patients were randomised to receive either canagliflozin 
(100 mg or 300 mg daily) (n = 5795) or placebo (n = 4347). All patients had type 2 
diabetes and high CV risk. Those 30–50 years old had to have a history of athero-
sclerotic vascular disease (ASCVD), whereas patients >50 years old could either 
have ASCVD or no ASCVD but multiple CVD risk factors (two or more of: diabe-
tes duration >10 years, SBP > 140 on treatment, current smoking, albuminuria or 
HDL cholesterol < 1 mM/l (<38.7 mg/dl)).

The median duration of follow-up was 3.6 years. Details of baseline characteris-
tics are shown in Tables 33.1 and 33.2. Approximately, two-thirds of patients had a 
history of CVD and one-third risk factors only. There was a history of heart failure 
in 14.4% of subjects.

D. Fitchett
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The primary outcome of triple MACE (CV death, non-fatal MI and non-fatal 
stroke) was reduced by canagliflozin (26.9 vs. 31.5 events per 1000 patient-years; 
HR 0.86; 95% CI 0.75 to 0.97; p < 0.001 for non-inferiority; p = 0.02 for superior-
ity). The reduction of the primary outcome resulted from statistically nonsignificant 
reductions of each of its components. Heart failure admission was reduced by 33% 
(HR 0.67 95% CI 0.52–0.87). Subjects with chronic kidney disease (eGFR 
30–60 ml/min/1.73 m2) had a similar reduction of the triple MACE primary end-
point to those with normal renal function. The combined renal endpoint (40% 
increase of creatinine, need for chronic dialysis or renal death) was reduced to 40% 
(HR 0.60 95% CI 0.47–0.67) by canagliflozin.

 DECLARE [16]

The DECLARE study subjects had type 2 diabetes (A1C 6.5–12.0) with either 
established cardiovascular disease or multiple cardiovascular risk factors (age 
greater than 55 (men) and 60 years (women), current smoking, hypertension or 
dyslipidaemia). A total of 17,160 patients received either dapagliflozin 10 mg daily 
or placebo. There were two co-primary outcomes (1) Triple MACE (CV death, non- 
fatal myocardial infarction or stroke) and (2) CV death + heart failure hospitalisa-
tion. The statistical analysis permitted efficacy analysis of the two co-primary 
endpoints providing the Triple MACE endpoint was non-inferior.

The trial population had a history of CVD in 40% and only CV risk factors in 
60%. Most patients with established CVD had coronary heart disease, and half of 
this group had had a prior myocardial infarction. A history of heart failure was 
reported in 10%. A eGFR < 60 ml/min/1.73 m2 was present in 9.1% and Albumin 
creatinine ratio >300 mg/g in 6.8%.

After a median follow-up of 4.2 years, 1559 primary MACE events were 
recorded. The primary MACE endpoint showed non-inferiority (p < 0.001), but 
no superiority (HR 0.93, 95% CI 0.84–1.03). The reduction of non-fatal MI was 
numerically greater than the other components of the MACE triple primary 
endpoint (HR 0.89 95% CI 0.77–1.01). However, the co-primary combined 
endpoint of CV death and heart failure hospitalisation (CVD/HFH) was signifi-
cantly reduced by 17% (HR 0.83, 95% CI 0.75–0.95, p  =  0.005). This was 
entirely driven by the 27% reduction of heart failure hospitalisation (HR 0.73, 
95% CI 0.61–0.88), as there was no reduction of CV death (HR 0.98, 95% CI 
0.82–1.17).

Similar reductions in the CVD/HFH co-primary endpoint were observed in the 
group with prior CV as in the group with multiple risk factors. Patients with and 
without a history of prior MI had similar reduction of the HHF/CVD endpoint. In 
patients with a prior MI, the triple MACE endpoint was significantly reduced by 
16% (HR 0.84, 95% CI 0.72–0.99), whereas in patients with no prior MI, there was 
no reduction. However, the p-value for interaction was 0.107. A similar HHF/CVD 
benefit was seen in patients with and without a baseline history of heart failure, and 
with a range of eGFR from <60 to >90 ml/min/1.73 m2.

33 SGLT2 Inhibitors and GLP1 Antagonists on Diabetes and Cardiovascular Disease
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 VERTIS [25]

The VERTIS study is the most recent CV outcome trial of SGLT2 inhibitors to be 
reported. It evaluated the CV safety and efficacy of the highly specific SGLT2 inhib-
itor ertugliflozin. The trial enrolled patients with T2 DM, A1C 7–10.5%, 
eGFR > 30 ml/min/1.73 m2 and with established CVD. A total of 8246 subjects 
were randomised to receive ertugliflozin 5 mg, ertugliflozin 15 mg daily or placebo. 
The mean duration of follow-up was 3.5 years.

CAD was present in 76%, a history of prior MI in 48% and heart failure in 24.5%.
Ertugliflozin reduced A1C by 0.5%, weight by 2.4–2.6  kg and systolic BP 

2.6–3.2 mmHg.
The primary triple MACE endpoint showed ertugliflozin was not inferior to pla-

cebo (p < 0.001), but not superior, with 11.9% of events in both the ertugliflozin and 
placebo groups (HR 0.97 95% CI 0.85–1.11). CV death was not significantly 
reduced. However, an early 30% reduction of heart failure hospitalisation was 
observed.

The combined renal outcome (renal death, dialysis or transplant and doubling of 
creatinine) was not significantly reduced by ertugliflozin (HR 0.81 95% CI 
0.63–1.04).

 CVD Safety Trials Conclusions

The reduction of the MACE primary endpoint across the SGLT2 inhibitor class was 
modest. The reduction of MACE in the EMPA REG trial was largely due to the 
reduction of CV mortality with a trend to a reduction of non-fatal MI and a small 
nonsignificant increase in stroke. In the CANVAS study, MACE was reduced due to 
individually nonsignificant reductions of CV death, MI and stroke. However, in 
DECLARE and VERTIS, MACE was not reduced.

CV death was only reduced in the EMPA REG Outcome trial. Yet in the 
CREDENCE trial, all-cause mortality was significantly reduced. There is a consis-
tent reduction of HHF across the SGLT2 inhibitor class. The HF benefits are inde-
pendent of baseline CVD, prior HF, across a spectrum of eGFR and independent of 
glucose lowering.

Differences in outcomes in the individual trials could be due to numerous fac-
tors. Differences between agents especially the specificity for the SGLT2 and 
SGLT1 cotransporters could play a role (Table 33.1). Differences in patient baseline 
characteristics, especially the presence of CV disease and renal dysfunction, impact 
on CV event rates. As shown in Table 33.4, the primary MACE and CV mortality 
rates relate to the proportion of patients with ASCVD and eGFR  < 60  ml/
min/1.73 m2. Differences in study design, including sample size, inclusion/exclu-
sion criteria, endpoint definitions and analysis of outcomes may play a role. Despite 
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Table 33.4 CV outcomes related to baseline presence of CVD and renal function in the SGLT2 
CVD outcome trials

Agent TRIAL
ASCVD 
(%)

CKD eGFR < 60 
Mean eGFR

MACE (or other 
Primary Endpoint)

CV 
death

All cause 
death

Events/1000/year

Empagliflozin 
EMPA-REG Outcome

100 30%
74.2

43.9 20.2 28.6

Canagliflozin 
CANVAS

65.6 34.4%
76.5

31.5 12.8 19.5

Canagliflozin 
CREDENCE

50.4 59%
56.2

48.7 35.0 24.4

Dapagliflozin 
DAPA-CKD

37 89%
43.0

145 37 68

Dapagliflozin 
DECLARE

40.6 0%
85.4

24.2 7.1 16.4

Ertugliflozin VERTIS 100 22.1%
76

40 19

EMPA REG OUTCOME

CANVAS program

DECLARE-TIMI 58

CREDENCE

VERTIS CV

490/4687
No./total No.

Treatment

No./total No.

Placebo

Rate/1000
patient-years

Rate/1000
patient-years

Hazard ratio
(95% Cl)

NA/5795
756/8582
217/2202
735/5499

37.4
26.9
22.9
38.7
40.0

282/2333
NA/4347
803/8578
269/2199
368/2747

43.9
31.5
24.2
48.7
40.0

0.86 (0.74-0.99)
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Fixed-effects model (Q = 4.53; df = 4; P =.34; I2 = 11.8%)
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MACEs by ASCVD statusb
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NA/3756
483/3474
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36.8
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41.3
41.0
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0.82 (0.72-0.95)
0.90 (0.79-1.02)
0.85 (0.69-1.06)
0.99 (0.88-1.12)
0.89 (0.84-0.95)

19.19
21.16
24.90
8.82
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CREDENCE

NA/2039
273/5108
735/1089

15.8
13.4
22.0

NA/1447
266/5078
91/1092

15.5
13.3
32.7

0.98 (0.74-1.30)
1.01 (0.86-1.20)
0.68 (0.49-0.94)
0.94 (0.83-1.07)

21.70
62.07
16.23
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Overall MACEsa

Fig. 33.3 Meta-analysis of SGLT2 CV outcome trials. (a) Primary outcome, (b) Primary outcome 
in subjects with and without ASCVD. Reprinted from McGuire D et al. [26]

differences between the trials, meta-analyses show significant reductions of the pri-
mary endpoint, CV mortality and heart failure hospitalisation (Figs.  33.3, 33.4, 
and 33.5)
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EMPA-REG OUTCOME
CANVAS program

DECLARE-TIMI 58

CREDENCE

VERTIS CV
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Patients with ASCVD

Fixed-effects model (Q = 1.65; df = 2; P =.44; I2 = 0.0%)

Fixed-effects model (Q = 9.10; df = 4; P =.06; I2 = 56.1%)
Patients without ASCVD

CV death by ASCVD statusb

CANVAS program
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172/4687
NA/3756
153/3474
55/1113
341/5499

12.4
14.8
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25.7
17.6
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NA/2900
163/3500
93/1107
184/2747

20.2
16.8
11.6
32.4
19.0

0.62 (0.49-0.77)
0.86 (0.70-1.06)
0.94 (0.76-1.18)
0.79 (0.58-1.07)
0.92 (0.77-1.10)
0.83 (0.76-0.92)

18.61
22.08
19.64
10.14

CANVAS program

DECLARE-TIMI 58

CREDENCE

NA/2039
92/5108
35/1089

6.5
4.4
12.2

NA/1447
86/5078
47/1092

6,2
4.1
16.4

0.93 (0.60-1.43)
1.06 (0.79-1.42)
0.75 (0.48-1.16)
0.95 (0.77-1.17)

24.02
52.70
23.27

29.52

Fig. 33.4 Meta-analysis of SGLT2 CV outcome trials. (a) CV mortality (b) CV mortality in sub-
jects with and without ASCVD. Reprinted from McGuire et al. [26]
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NA/3756
151/3474
59/1113
139/5499

9.4
7.3
11.1
20.6
7.3

95/2333
NA/2900
192/3500
92/1107
99/2747

12.5
11.3
14.1
33.2
10.5

0.65 (0.50-0.85)
0.68 (0.51-0.90)
0.78 (0.63-0.97)
0.61 (0.44-0.85)
0.70 (0.54-0.90)
0.70 (0.62-0.78)

19.62
17.13
29.66
12.74

CANVAS program

DECLARE-TIMI 58

CREDENCE

NA/2039
61/5108
30/1089

2.6
3.0
10.6

NA/1447
94/5078
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4.2
4.6
17.5

0.64 (0.35-1.15)
0.64 (0.46-0.88)
0.61 (0.39-0.96)
0.93 (0.50-0.80)

16.38
55.07
28.56

20.84

b

2 1

2 1

a

Fig. 33.5 Meta-analysis of SGLT2 CV outcome trials. (a) Hospitalisation for heart failure (b) 
Hospitalisation for heart failure in subjects with and without ASCVD. Reprinted from McGuire 
et al. [26]

D. Fitchett



933

 Outcomes in Patients with and Without Established ASCVD 
(Figs. 33.3, 33.4, and 33.5)

In the EMPA-REG Outcome and VERTIS trials, all patients had a history of athero-
sclerotic cardiovascular disease. In the CANVAS study, 30% had no ASCVD his-
tory and in DECLARE 60% had a history of only CVD risk factors and no established 
CVD. A meta-regression analysis of the trials [26] (Fig. 33.5b) shows that in patients 
with established ASCVD treatment with a SGLT2 inhibitor significantly reduced 
the primary CV event endpoint and heart failure hospitalisation. However, in 
patients with CVD risk factors alone, and no history of established disease, only 
heart failure hospitalisation and decline of renal function decline were reduced.

 SGLT2 Inhibitor Trials in Patients with Chronic 
Kidney Disease

Chronic kidney disease is a common condition that is associated with a diminished 
quality of life, reduced life expectancy and increased risk of cardiovascular disease. 
Angiotensin-converting enzyme (ACE) [27] and Angiotensin receptor blockers are 
commonly used to slow the progression of CKD, yet there is no strong evidence to 
show benefits beyond those attributable to blood pressure lowering [28]. CKD is 
more frequent in patients with diabetes and is present in over half of patients devel-
oping end-stage kidney disease and requiring dialysis.

The secondary renal outcome of the SGLT2 CV safety trials indicated that 
SGLT2 inhibitors slowed the decline of renal function (eGFR), and the combined 
renal endpoint included doubling of serum creatine, the development of macroalbi-
nuria, the need for dialysis and renal death. The CREDENCE [15] and DAPA CKD 
[29] trials selected patients with CKD with and without CVD. The DAPA CKD trial 
included patients with and without diabetes. A meta-analysis indicates that patients 
with and without ASCVD have beneficial effects from SGLT2 inhibition (Fig. 33.6).

EMPA-REG OUTCOME

CANNAS program
DECLARE-TIMI 58
CREDENCE

VERTIS CV

81/4645
NA/5795
127/8582
153/2202
175/5499

71/2323
NA/4347
238/8578
224/2199
108/2747

0.54 (0.40-0.75)
0.60 (0.47-0.77)
0.53 (0.43-0.66)
0.66 (0.53-0.81)
0.81 (0.64-1.03)

11.51
18.66
24.77
25.28
19.79

0.62 (0.56-0.70)

HR (95% Cl)
0. 2

11.5
9.0
7.0
40.4
11.5

6.3
5.5
3.7
27.0
9.3

Fixed-effects modle (Q = 7.96; df = 4; P = .09; I2 = 49.7%)

Treatment

Overall kidney outcomes

Placebo

Rate/1000
patient-years

Rate/1000
patient-years

Hazard ratio
(95% Cl)

Favors
treatment

Favors
Placebo Weight, %No./total No. No./total No.

2 1

Fig. 33.6 Meta-analysis of SGLT2 inhibitor cardiovascular safety trials: Kidney-related out-
comes. Reprinted from McGuire et al. [26]
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 CREDENCE [15, 29]

The goal of the CREDENCE study was to assess the effects of the SGLT2 inhibitor, 
canagliflozin on renal outcomes in patients with T2DM and established CKD. A 
secondary aim was to determine the impact of canagliflozin on cardiovascular out-
comes in this very high-risk population. A total of 4401 patients with A1C 6.5–12.0% 
and eGFR 30–90 ml/min/1.73 m2 and/or UACR 300–5000 mg/g who were receiv-
ing a maximally tolerated dose of an ACE inhibitor or ARB were randomised to 
receive canagliflozin 100 mg daily or placebo. CV disease was present in 50% and 
a history of heart failure in 14%. A total of 97% of subjects had a history of hyper-
tension. The primary outcome of end-stage kidney disease, doubling of creatinine 
or renal or CV death was reduced by 30% (HR 0.70, 95% CI 0.59–0.82). CV out-
comes were also reduced by canagliflozin: CV death/MI/CVA 20% (HR 0.80, 95% 
CI 0.67–0.95), CV death 22% (HR 0.78 95% CI 0.61–1.00) p = 0.0502) and hospi-
talisation for heart failure 39% (HR 0.61, 95% CI 0.47–0.80).

 DAPA CKD [29]

DAPA CKD included patients with eGFR 25–75  ml/min/1.73  m2 (mean 43  ml/
min/1.73  m2 and 89.8% with eGFR  <  60  ml/min). A total of 15% had a eGFR, 
30 ml/min/1.73 m2 and urinary albumin creatinine ratio of 200–5000 mg/G. A total 
of 67% had type 2 diabetes. A total of 37% had a history of cardiovascular disease. 
Patients received dapagliflozin 10 mg daily or matching placebo.

The primary composite outcome was an eGFR decline of at least 50%, the onset 
of end-stage kidney disease requiring chronic dialysis or renal transplantation, or 
death from renal or cardiovascular causes. After a median follow-up of 2.4 years, 
dapagliflozin reduced the primary composite outcome by 39% (HR 0.61 95% CI 
0.51–0.72) with an absolute benefit of 5.3% and NNT to prevent one primary out-
come of 19. Similar benefits were observed in patients with and without diabetes. 
Each of the components of the primary outcome was reduced, with number of 
patients developing a 50% fall in eGFR nearly halved (HR 0.53 95% CI 0.42–0.67) 
and the need for dialysis was reduced to 34% (HR 0.66 95% CI 0.48–0.90). 
Cardiovascular mortality was lower in the dapagliflozin group but the difference did 
not achieve statistical significance despite the high death rate (17/1000/year). Yet 
all-cause mortality was reduced by 31% (HR0.69 95% CI 0.53–0.88). The com-
bined outcome of death from CV cause or hospitalisation for heart failure was 
reduced by 29% (HR 0.71 95% CI 0.55–0.92).

The SCORED trial [30] included 10,584 patients with diabetes and chronic kid-
ney disease (eGFR 25–60 ml/min/1.3 m2 irrespective of the degree of albuminuria) 
who were randomised to receive the SGLT1/2 inhibitor sotagliflozin or placebo. 
The study was prematurely terminated after a median follow-up of 16 months due 
to a loss of funding. Despite the short duration of the trial, the primary combined 
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endpoint of CV death, hospitalisation due to heart failure or acute decompensated 
heart failure was reduced by 26% (HR 0.76, 95% CI 0.63–0.88). The combined 
endpoint of CV death, non-fatal myocardial infarction or stroke was significantly 
reduced (HR 0.84 95% CI 0.72–0.99). Most adverse effects occurred with a similar 
frequency observed in the SGLT2 inhibitor trials. However, diarrhoea occurred 
more frequently with sotagliflozin, likely due to the inhibition of intestinal SGLT1, 
and diabetic ketoacidosis was five times as frequent as with placebo.

Following the results of the CREDENCE trial, the ADA-EASD Consensus report 
recommended the use of SGLT2 inhibitors for patients with type 2 diabetes and 
CKD irrespective of a history of CV disease. With the DAPA CKD results, it is 
likely that this recommendation will be extended to include those with CKD and no 
diabetes. We await the results of EMPA Kidney in early 2023 to provide additional 
information in patients with CKD with and without diabetes.

 SGLT2 Inhibitors in Patients with Heart Failure

Heart failure is a common and often unrecognised complication of diabetes. The 
cardiovascular safety trials have reminded us the impact of heart failure, with hos-
pitalisation for heart failure predicting a worse survival than hospitalisation for a 
myocardial infarction. HF occurs both related but often unrelated to the presence of 
coronary artery disease. ACE inhibitors, ARBs, mineralocorticoid inhibitors and 
neprilysin inhibitors improve prognosis and reduce symptoms in patients with 
HFrEF.  HFpEF occurs more often than HFrEF in patients with diabetes. Until 
recently, there has been no therapy to improve outcomes for patients with HFpEF.

The SGLT2 inhibitor CV safety trials and studies in patients with chronic kidney 
disease have consistently shown that SGLT2 inhibitors reduced the frequency of 
heart failure hospitalisation (HFH). HFH was reduced in patients with or without a 
history of prior heart failure and chronic kidney disease. In the safety trials, 10% of 
patients had a HF diagnosis determined by the investigator without any requirement 
for a measure of left ventricular function or BNP measurement. The DAPA HF and 
EMPEROR trials have investigated the impact of SGLT2 inhibitors in patients with 
heart failure with and without diabetes.

 Heart Failure with Reduced Ejection Fraction (HFrEF)

 DAPA HF [31]

The DAP HF trial randomised 4744 patients with Class II to IV heart failure symp-
toms and a LV ejection fraction <40% to treatment with dapagliflozin 10 mg daily 
or placebo. Over 18.2 months follow-up, the primary endpoint (worsening heart 
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failure (either hospitalisation for heart failure) or an urgent visit when the patient 
required intravenous therapy for HF) or CV death was reduced by 26% (HR 0.74 
95% CI 0.65–0.85). Worsening heart failure was reduced by 30% and CV death by 
18% (HR 0.82 95% CI 0.69–0.98). Similar benefits were observed in more than 
50% of patients without diabetes and in those with diabetes or with or without an 
ischemic cause of heart failure. Improved functional status was reported in patients 
receiving dapagliflozin [32]. There was no increased incidence of volume depletion, 
renal dysfunction or hypoglycaemia in the dapagliflozin-treated group compared to 
those receiving placebo.

 EMPEROR Reduced [33]

The EMPEROR Reduced trial included 3730 patients with NYHA class II-IV 
symptoms of heart failure and an ejection fraction of less than 40% who were 
randomised to receive either empagliflozin or placebo. Patients receiving 
empagliflozin and followed for a median of 16 months had a 25% reduction of 
the primary endpoint of heart failure hospitalisation or CV death (HR 0.75 
95% CI0.65–0.86). Heart failure hospitalisation was reduced by 30%; how-
ever, CV mortality was not significantly reduced (HR 0.92 95% CI 0.75–1.12). 
Similar reductions of the primary endpoint were seen in patients with and 
without diabetes. The decline of eGFR was slower in the empagliflozin-treated 
patients.

 SOLOIST WHF [30]

The SOLOIST WHF trial included 1222 patients with diabetes who had a recent 
episode of decompensated heart failure. Treatment with the SGLT 1–2 inhibitor 
sotagliflozin or placebo was started during hospitalisation or shortly after hospital 
discharge. Unfortunately, the trial was prematurely terminated due to a loss of fund-
ing, and median follow-up was only 9.2 months. The combined endpoint of cardio-
vascular mortality, hospitalisation for heart failure and urgent visit for heart failure 
was significantly reduced (HR 0.67 95% CI 0.52–0.85).

The results of these heart failure trials are consistent with observations in the 
safety studies which only included patients with investigator identified heart failure. 
The initial heart failure studies only included patients with HFrEF. A meta-analysis 
of the DAPA HF and EMPEROR reduced trials [34] showed a consistent reductions 
of HFH/CV death (HR 0.74 95% CI 0.68–0.82) and first hospitalisation for heart 
failure (HR 0.69 95% CI 0.62–0.78) as well as a reduction of all-cause and CV 
death (HR 0.86 95% CI 0.76–0.98).
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 EMPULSE (Presented at the American Heart Association 
Virtual Annual Session on 14 November 2021 and Accepted 
for Publication in Nature Medicine)

The EMPULSE trial randomised patients hospitalised with acute heart failure 
(irrespective of the LV ejection fraction or the presence of diabetes) to empa-
gliflozin 10 m daily or placebo. The primary endpoint was a clinical benefit analy-
sis which included death, time to first heart failure event, number of heart failure 
events and change of Kansas City Cardiomyopathy Questionnaire Total symptom 
score (KCCQ-TS). At 90 days, the primary endpoint was 36% lower in the empa-
gliflozin patients p < 0.0054, with all-cause mortality or hospitalisation for heart 
failure reduced to 35% (95% CI 0.43–0.99), and all-cause death nonsignificantly 
lower (HR 0.69, 95% CI 0.45–1.08). The EMPULSE Trial shows that it is safe 
and beneficial to initiate an SGLT2 inhibitor during hospitalisation for a heart 
failure.

 Heart Failure and Preserved Ejection Fraction (HFpEF)

Studies with sotagliflozin also suggested a benefit in patients with HFpEF. A com-
bined analysis of the SOLOIST WHF and SCORED studies of patients with 
LVEF > 50% showed a 37% reduction (HR 0.63, 95% CI 0.45–0.89) of cardiovas-
cular mortality, hospitalisation for heart failure and urgent visit for heart failure 
(Bhatt D et  al. AHA Scientific Sessions November 2020). Subsequently, clinical 
trials dedicated to patients with HFpEF have been published.

 EMPEROR Preserved Trial [35] ClinicalTrials.gov 
Identifier NCT01297257

THE EMPEROR Preserved trial randomised 5988 patients with NYHA class 2–4 
heart failure and ejection fraction >40% with or without diabetes, to either empa-
gliflozin 10 mg daily or placebo. Over a follow-up period of 26.2 months, the pri-
mary outcome of cardiovascular death or hospitalisation for heart failure occurred 
in 13.8% of patients in the treatment group and 17.1% in the placebo group (HR 
0.79 95% CI 0.69–0.90). The 37% reduction of hospitalisation for heart failure was 
the driver of the reduction of the primary combined outcome with the reduction of 
CV death (7.3 vs. 8.2%) not achieving statistical significance. Similar benefits were 
observed in patients with and without diabetes.
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 DELIVER (Dapagliflozin to Improve the LIVEs of Patients 
with Preserved Ejection Fraction Heart Failure): ClinicalTrials.
gov Identifier—NCT03619213

This event-driven multicentre placebo-controlled study in patients with HFpEF 
compares the effect of dapagliflozin 10 m daily compared to placebo in reducing the 
composite events of CV death and heart failure hospitalisation. The study includes 
approximately 11,000 patients with NYHA class II–IV symptoms and LVEF > 40% 
and is due to be report in 2022.

The PRESERVED HF trial [36] examined whether treatment with dapagliflozin 
would improve symptoms and exercise capacity in patients with HFpEF with and 
without diabetes. The study evaluated the effects of treatment with dapagliflozin 
10  mg daily for 12 weeks on the Kansas City Cardiomyopathy Questionnaire 
Clinical Summary Score (KCCQ-CS)—a measure of heart failure health-related 
status. Dapagliflozin improved the KCCQ-CS as well as a range of measures of 
physical limitations, increased the 6-min walk distance and reduced weight, without 
any difference in adverse events. However, NT proBNP was not reduced. The result 
is consistent with the findings of the DEFINE-HF study [37], which showed dapa-
gliflozin improved functional status and quality of life after 12-week treatment 
despite no change in N-terminal BNP.

 Heart Failure Guidelines

The FDA had approved the use of dapagliflozin in patients with diabetes to prevent 
hospitalisation with heart failure. In May 2020, the FDA approved the use of dapa-
gliflozin for the treatment of patients with heart failure with a reduced ejection frac-
tion and with or without diabetes. In August 2021, empagliflozin 10 mg daily was 
approved by the FDA to reduce the risk of CV death plus heart failure hospitalisa-
tion in patients with HFrEF.

The 2020 update of the Canadian Cardiovascular Society and Canadian Heart 
Failure Society [38] strongly recommends the use of SGLT2 inhibitors in patients 
with mild-to-moderate heart failure with a reduced ejection fraction to improve 
symptoms and quality of life and to reduce the risk of hospitalisation and cardiovas-
cular mortality based upon high-quality evidence.

The 2021 ESC heart failure guidelines [39] recommend either dapagliflozin or 
empagliflozin (with Class 1 recommendation) as a component of the first-line treat-
ment of patients with heart failure and reduced ejection fraction to reduce the risk of 
HF hospitalisation and death. However, the guidelines as yet do not comment on the 
use of SGLT2 inhibitors in patients with HFpEF.

The 2021 Update to the 2017 ACC Expert Consensus Decision Pathway for 
Optimization of Heart Failure Treatment [40] recommends an SGLT2 inhibitor be 
used in patients with Stage C HFrEF after initiation of an either an ARNI, ACE 
inhibitor or angiotensin receptor blocker, a beta-blocker and diuretic.
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 Adverse Effects of SGLT2 Inhibitors and Recommendations 
for Their Prevention

The incidence of adverse effects is available from the CV safety trials and from 
meta-analyses of glucose-lowering efficacy trials. Adverse effects can be classified 
into those directly related to the pharmacological action of the drug and those caus-
ing off-target adverse effects. A more detailed discussion of the safety issues of 
SGLT2 inhibitors is found in a recent publication [41]. A summary of adverse 
effects in the CV trials is shown in Table 33.9. Recommendations to reduce adverse 
effects are summarised in Table 33.6.

Glycosuria due to SGLT2 inhibition could result in adverse effects such as hypo-
glycaemia, mycotic genital infections, urinary tract infections, Fournier’s gangrene, 
volume depletion and acute kidney injury. Fortunately, a majority of these potential 
adverse effects are either not observed or rare.

Mycotic genital infections are the most common adverse effects in patients 
treated with an SGLT2 inhibitor and observed in up to 10% of women and 5% of 
men, with a frequency of 3–4× more than in the placebo population [42]. They are 
more common in individuals with a history of genital candidiasis but almost unseen 
in circumcised men [43]. Usually, the infection causes mild symptoms, responds 
rapidly to a single oral dose of fluconazole or topical antifungal agents and does not 
recur. Good genital hygiene may help to reduce the risk of infection.

Urinary tract infections were not increased in the CV safety trials. In a meta- 
analysis of adverse effects in 7000 subjects, no increase of urinary tract infections 
was observed [44]. However, SGLT2 inhibitors should probably not be prescribed 
in patients at very high risk of infection, such as those with recurrent infections, 
paraplegia or an indwelling urinary catheter.

Fournier’s Gangrene is a severe perineal infection that can be fatal and is more 
frequently observed in older patients, those with obesity, with diabetes [45] and 
with alcohol abuse. In May 2018, the FDA reported 12 cases over a 5-year period, 
to have developed Fournier’s Gangrene within months of starting an SGLT2 inhibi-
tor. However, none of the CV safety trials reported an increased risk. In the 
DECLARE study, six cases were reported: one receiving dapagliflozin and five pla-
cebo. Consequently, it is uncertain, but unlikely that an SGLT2 inhibitor is either 
responsible or contributes to the development of Fournier’s gangrene.Hypoglycaemia 
is most unlikely to occur in patients receiving an SGLT2 inhibitor as monotherapy. 
The amount of glucose filtered by the glomerulus and subsequently excreted in a 
patient receiving an SGLT2 inhibitor is related to the plasma glucose. Consequently, 
plasma glucose lowering by an SGLT2 inhibitor is self-limiting. However, if an 
SGLT2 inhibitor is combined with agents that are associated with hypoglycaemia 
(insulin or a sulphonylurea), the risk of hypoglycaemia is increased.

In the CV safety trials, symptomatic or severe hypoglycaemia requiring third- 
party intervention was not increased. A pooled analysis of phase 1–3 trials of empa-
gliflozin showed no increase of hypoglycaemia when the SGLT2 inhibitor was 
combined with insulin, yet the risk was increased when empagliflozin was com-
bined with a sulphonylurea [46].
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The risk of hypoglycaemia can be reduced when starting treatment with an 
SGLT2 inhibitor by adjusting doses of either a sulphonylurea or insulin in those at 
risk for hypoglycaemia (e.g. a history of hypoglycaemic episodes, A1C < 7.0–8.0, 
elderly, and with chronic kidney disease). The insulin dose may be modestly 
reduced; however, insulin should never be discontinued.

Diabetic Ketoacidosis (DKA)usually occurs in patients with type 1 diabetes, yet 
one-third of DKA episodes are inpatients with type 2 diabetes who are insulin- 
dependent and poorly controlled. DKA is increased in patients receiving SGLT2 
inhibitors, resulting from reduced insulin requirements, increased fatty acid oxida-
tion, reduced ketone clearance and stimulation of glucagon secretion. It is more 
likely to occur in association with dehydration, an intercurrent infection or insulin 
deficiency from an inappropriate reduction of dose. DKA in patients taking SGLT2 
inhibitors may occur with only mildly increased blood glucose levels [47], likely 
resulting from the continued renal clearance of glucose, despite relative insulin 
deficiency.

The CV safety trials showed DKA was a rare occurrence despite half of the 
population were receiving insulin. No increase in DKA was seen in EMPA REG and 
CANVAS. However, an increased incidence of DKA was observed in DECLARE 
(0.3 vs. 0.1%; HR 2.18; 95% CI: 1.10–4.30), CREDENCE (0.2–2.2% HR 10.8 95% 
CI 1.39–84) and in VERTIS (0.1–0.35%). Observational studies indicate a twofold 
increase of DKA incidence, yet a meta-analysis showed a nonsignificant decrease 
(HR 0.66 95% CI 0.30–1.45) [48, 49].

The usual symptoms of DKA are nausea, vomiting and malaise. Laboratory tests 
show an anion gap metabolic acidosis with increased serum and urinary ketones. 
However, in patients taking an SGLT2 inhibitor, the blood sugar may be normal or 
only slightly elevated. The management of DKA includes the administration of 
insulin and fluid and electrolyte replacement. Prevention of DKA includes tempo-
rary discontinuation of the SGLT2 inhibitor in the event of an acute illness, trauma 
and before major surgery. However, it is important to maintain insulin treatment 
with no major changes in dose. SGLT2 inhibitors should probably be avoided in 
patients with a history of DKA as SGLT2 inhibition is more likely to provoke a 
further DKA.

Fluid depletion and hypotension can occur due to excessive SGLT2 inhibitor- 
induced osmotic diuresis and natriuresis. SGLT2 inhibitors cause a small reduction 
of blood pressure of 4-–6/1–2 mmHg, likely the result of both sodium and glucose 
excretion, and a reduced plasma volume [50]. Weight loss (approximately 2 kg) 
and increased arterial compliance may also contribute to the reduced BP. In patients 
with a low baseline blood pressure or volume depleted, an SGLT2 inhibitor might 
induce important hypotension and a possible acute kidney injury. However, in †he 
clinical trials, adverse effects due to volume depletion were rare or not observed. 
In the EMPA REG Outcome, Declare TIMI 58 and VERTIS trials, the SGLT2 
inhibitor did not increase events related to volume depletion. In CANVAS, there 
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was an increase in symptoms due to volume depletion (26.0 vs. 18.5 events/1000 
patient years and related to osmotic diuresis (34.5 vs. 13.3/1000 patient years). A 
combined analysis of four studies with canagliflozin showed increased symptoms 
related to the diuresis (e.g. increased urine volume and frequency) yet no symp-
toms reflecting hypovolemia (e.g. orthostatic or postural hypotension) [51]. A 
study of trials with empagliflozin showed infrequent (1.8%) symptoms related to 
volume depletion, which were more likely to occur in older patients [52].

The combination of a diuretic and an SGLT2 inhibitor is generally well tolerated 
provided the patient is not volume depleted [53]. When adding an SGLT2 inhibitor, 
it is important to assess both blood pressure and volume status and make adjust-
ments to both diuretics and blood pressure lowering medications such as ACE 
inhibitors and ARBs to avoid hypotensive events. An algorithm to assist the assess-
ment is shown in Fig. 33.7.

 Acute Kidney Injury

There has been concern that SGLT2 inhibitors might result in an AKI due to hypo-
tension and fluid depletion. The FDA posted a warning in 2016 that SGLT2 inhibi-
tors could cause AKI after 101 cases were reported. However, subsequent clinical 
trials have not shown AKI to be a significant risk when initiating an SGLT2 inhibi-
tor. The CV safety trials EMPA REG Outcome, CANVAS, DECLARE and VERTIS 
showed that the SGLT2 inhibitors were not associated with an increased risk for 
AKI.  In fact, AKI was significantly reduced in dapagliflozin-treated patients in 
DECLARE (1.5 vs. 2.0% HR 0.69, 95% CI 0.55–0.87).

In an observational propensity matched study [54], comparing SGLT2 inhibitors 
with other glucose-lowering agents from two chronic kidney disease registries 
showed a significantly reduced incidence of AKI in patients receiving SGLT2 inhib-
itors compared to other glucose-lowering agents(HR 0.4–0.5).

Although AKI may occur less frequently in patients receiving SGLT2 inhibitors, 
it remains essential to optimise fluid status and BP (as shown in Fig. 33.7 and follow 
the sick-day strategy to temporarily discontinue SGLT2 inhibitors during an acute 
illness, major surgery or trauma).

 Off-Target Adverse Effects

The off-target adverse effects of concern are an increased risk of amputation, cancer 
and bone fractures. Fortunately, most studies show that SGLT2 inhibitors are not 
associated with any risk for these adverse outcomes.
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1. What is the volume status?

2. What is the blood pressure?

EUVOLEMIA

HYPERVOLEMIA
•   Continue diuretic and
    monitor BP/ Cr/
    weight/ assuming
    not hypotensive

HYPERTENSIVE
BP> 130/80
•   Continue 
    diuretic and
    monitor BP/
    lytes/Cr/weight

NORMOTENSIVE
BP110-130/70-90
•   Continue or 
    discontinue    
    diuretic and
    monitor BP/
    lytes/Cr/weight

HYPOTENSIVE
SBP < 1100
•   Cau on, hold or
    reduce diuretic
    and re-institute
    if required

•   Caution with multiple
    diuretics

VOLUME CONTRACTION
•   Stop diuretiic and
    monitor
•   Initiate SGLT2 when
    euvolemic

•  Postural hypotensive symptoms
•  Check BP on standing

Fig. 33.7 Prevention of excessive volume depletion and hypotension when initiating treatment 
with an SGLT2 inhibitor. Redrawn from Cherney et al. [53]
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 Amputation

An increased rate of amputation was an unexpected finding from the CANVAS 
program [14]. Canagliflozin increased the risk of lower limb (mainly foot and toe) 
amputation (Canagliflozin 6.3 vs. placebo 3.4 events/1000 patient years). Patients 
with a prior amputation were at a very high risk of further amputation (96.3 vs. 
59.2). Subjects with known peripheral vascular disease (PVD) had a nonsignificant 
increase (12.09 vs. 8.19 HR 1.39, 95% CI 0.80–2.40). Patients with neither prior 
amputation nor known PVD remained at increased risk with canagliflozin 
treatment(no prior amputation HR 1.88; 95% CI: 1.27–2.78, no peripheral vascular 
disease HR 2.34; 95% CI: 1.58–3.58). Yet in the other CVD safety trials, no increase 
in amputation rates was observed. Furthermore, canagliflozin did not increase the 
risk for amputation risk in the CREDENCE trial [15] which included high vascular 
risk patients.

Observational studies have shown conflicting results. A study in over 900,000 
showed a doubling of amputation rates in patients receiving sulphonylureas, metfor-
min or thiazolidinediones, yet a nonsignificant increase in subjects receiving dipep-
tidyl peptidase inhibitors and GLP1 agonists [55]. Yet in the OBSERVE study [56, 
57] with 140,000 patients receiving canagliflozin and 110,000 on other SGLT2 
inhibitors, there was no increase in the amputation rate. In a Nordic study, SGLT2 
inhibitor treatment was associated with a doubling of amputation rates compared to 
individuals receiving a GLP1 agonist [58].

The EASEL study [59] was a propensity-matched observational study of patients 
initiating treatment with a glucose-lowering agent. The study compared outcomes 
of patients started on an SGLT2 inhibitor (largely canagliflozin) with those receiv-
ing other glucose-lowering agents. SGLT2 inhibitor use was associated with a two-
fold increase of below knee amputation (0.17 vs. 0.09 events/1000 patient-years: 
HR 1.99, 95% CI: 1.12–3.51).

No mechanism for an increased amputation risk has been presented. It seems 
unlikely that fluid depletion or hypotension are responsible.

At the moment, it is uncertain whether the use of SGLT2 inhibitors is associated 
with a very small increased risk of amputation. Until the situation is better clarified, 
it is prudent to avoid SGLT2 inhibitor use in patients with prior amputation or with 
acutely ischemic lower extremities. In addition, canagliflozin should probably not 
be used in patients with more severe peripheral vascular disease (PVD), especially 
when there is a higher risk for amputation (e.g. with neuropathy and foot ulcers). 
However, other patients with PVD have an important CV benefit for SGLT2 inhibi-
tors. In the EMPA REG outcome trial, patients with PVD had a large reduction of 
CV mortality (7.5 vs. 4.5%, HR 0.51, 95% CI 0.37–0.88) and heart failure hospital 
admission (6.1 vs. 3.9%, HR 0.56, 95% CI 0.35–0.92) [60]. Consequently, the 
potential benefit and risks from SGLT2 inhibitor treatment need to be assessed in 
the individual patient.
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 Cancer

In 2011, a concern about an increased risk of bladder and breast cancer with dapa-
gliflozin in phase 2 trials leads to the FDA issuing an advisory notice. Yet the 
phase 3 trial, DECLARE trial [16] with 17,000 patients receiving either dapa-
gliflozin or placebo for 4 years showed no increase of either breast or bladder 
cancer. Phase 2 and 3 trials with empagliflozin, canagliflozin and ertugliflozin 
also showed no increased risk for all types of cancer. A systematic review of 46 
trials with 34,569 subjects showed no overall increased risk for cancer [61]. 
However, bladder cancer was increased (OR = 3.87, 95% CI: 1.48–10.08), espe-
cially with empagliflozin(OR = 4.49, 95% CI: 1.21–16.73). The controlled clini-
cal trial evidence shows no increased cancer risk. However, the population in 
trials excludes individuals at a high cancer risk. Observational studies in a large 
population and post-marketing surveillance are need to determine whether a small 
cancer risk is real.

 Fractures

An increased incidence of fracture in patients receiving canagliflozin in the 
CANVAS trial was a surprise finding (Canagliflozin 15.4 vs. Placebo 11.9 per 1000 
patient-years; HR 1.26; 95% CI:1.04–1.52) [14]. In a pooled analysis of phase II 
and III clinical trials and in observational studies, as well as the phase III RCT 
safety trials with dapagliflozin, empagliflozin and ertugliflozin, no increased inci-
dence of fractures was observed [62]. A case-controlled study that included 300,000 
subjects compared SGLT2 inhibitors with DPP4 inhibitors and showed no differ-
ence of fracture rates with the two treatments [63].

No mechanism for any increased fracture rate has been shown, although SGLT2 
inhibition may reduce bone density, increase serum phosphate, parathyroid hor-
mone level, activate a vitamin D axis and possibly increase bone reabsorption, as 
shown by increased collagen type 1 b-carboxy-telopeptide.

Currently, canagliflozin is the sole SGLT2 inhibitor with a FDA fracture warn-
ing (https://www.fda.gov/Drugs/DrugSafety/ucm461449.htm). Yet there may be a 
small bone fracture risk with other SGLT2 inhibitors which has not been detected 
in the current trials of relatively short duration. Until, we have post-marketing 
safety data and large observational studies, it may be wise to restrict the use of 
SGLT2 inhibitors in individuals at very high spontaneous fracture risk or use of 
vitamin D supplements in patients at risk and/or with low blood levels. Adverse 
outcomes observed in the SGLT2 inhibitor trials are summarised in Table 33.5 and 
recommendations for their prevention in Table 33.6.
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Table 33.5 Adverse outcomes observed in SGLT2 CV trials

EMPA 
REG 
outcome CANVAS CREDENCE DECLARE VERTIS

Hypoglycemia No 
increase

No increase No increase No increase No increase

Genital infection 
(discontinuation)

3–4× 
(0.6%)

3–4× (NA) Females 2× 
(NA)

NA (0.8%) 3–4× (NA)

Volume depletion No 
increase

Increased 
0.7%

No increase No increase No increase

Acute kidney 
injury

No 
increase

No increase No increase Decreased 
1/1000/year

No increase

DKA No 
increase

No Increase Increased 
2.0/1000/year

Increased 
0.5/1000/
year

Numerically 
higher 0.1 vs 
0.3%

Amputations No 
increase

Increased 
2 × 3/1000/
year

No increase No increase No increase

Fractures No 
increase

Increased 
25% 4/1000/
year

No increase No increase No increase

Updated and redrawn from [41]

Table 33.6 Patients at risk and measures to prevent adverse effects of SGLT2 Inhibitors

At risk
Measures to prevent 
adverse event

Genital mycotic 
infections

Women, prior candidiasis Perineal hygiene, 
changing pads/
tampons frequently, 
avoid tight synthetic 
underwear. With 
recurrent infection: 
consider treating 
partner

Urinary tract 
infection

Prior UTI Probably avoid 
SGLT2i in patients at 
very high risk

Neurogenic bladder, 
paraparesis, indwelling 
urinary catheter

Hypoglycaemia Currently taking SU and/or 
insulin with current insulin 
or SU treatment, higher 
risk with prior 
hypoglycemia, in elderly, 
or with impaired renal 
function

A1C < 8.0 consider 
stopping or reducing 
dose of SU and or 
reducing insulin dose 
when initiating an 
SGLT2i

Do not discontinue 
insulin

(continued)
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Table 31.6 (continued)

At risk
Measures to prevent 
adverse event

Diabetic 
ketoacidosis

Acute illness, surgery, 
reduced oral intake, 
alcohol abuse or 
inappropriate reduction of 
insulin dosage

Stop SGLT2i with 
acute illness/surgery

Advise patient of need 
for sick day strategy 
(Fig. 33.2) with acute 
illness to reduce risk of 
DKA, acute kidney 
injury or symptomatic 
hypotension

Maintain insulin, if 
necessary, make only 
small adjustments to 
insulin dosage
Beware DKA can 
present with normal or 
minimally increased 
blood glucose in 
patients receding 
SGLT2i
Do not use SGLT2i in 
patients with type 1 
diabetes or with prior 
history of DKA

Hypotension SBP < 100 mm Hg 
postural hypotension

Assess for volume 
depletion/hypotension 
(Fig. 33.1)
Consider reducing 
diuretic

Acute kidney 
injury

Hypotension volume 
depletion

Stop SGLT2i with 
acute illness/surgery. 
Maintain euvolemia

Fractures Osteoporosis renal 
impairment

Avoid SGLT2i in 
patients at very high 
risk
Use of vitamin D is of 
unproven benefit

Amputations Ischemic ulcers, 
neuropathy Peripheral 
vascular disease Lower 
limb ischemia Prior 
amputation

Avoid SGLT2i in 
patients with rest 
ischemia, ischemic 
ulcers, and prior 
amputations

Redrawn and updated from Fitchett et al. [64]
Abbreviations: DKA diabetic ketoacidosis, SBP systolic blood pressure, SGLT2 sodium glucose 
co-transporter 2, SU sulphonyurea, UTI urinary tract infection

 Mode of Action of SGLT2 inhibitors

The mechanisms by which SGLT2 inhibitor reduce both cardiovascular events the 
development of heart failure and slow the progression of chronic kidney disease are 
largely unknown.
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What is known is that any change of classical CV risk factors such as glycemia, 
hypertension and lipids is unlikely to play any role. With SGLT2 inhibition, there is 
a dissociation between glycaemic control and CV risk reduction. The rapid speed of 
onset of benefit is inconsistent with any CV benefits from glucose control which 
take many years to be observed [65]. The CV benefits of SGLT2 inhibitors are pre-
served in patients with renal dysfunction who have attenuated glycosuria and glu-
cose lowering [66]. Finally, in the DAPA HF trial [31], the cardiovascular and renal 
benefits of dapagliflozin are observed to the same degree in patients with and with-
out diabetes. In patients without diabetes, SGLT2 inhibitors still result in glycosuria 
and a natriuresis and the associated increase in glucagon and ketones.

An early reduction of heart failure is a common feature of all the SGLT2 inhibi-
tor trials. Consequently, it is likely that SGLT2 inhibitors reduce cardiovascular 
events mainly through the prevention of heart failure and its consequences such as 
life-threatening arrhythmias, as opposed to reducing atherothrombotic events. This 
is supported by the observation that the reduction of heart failure is observed in 
individuals with and without a history of ASCVD.

Possible mechanisms for the cardiovascular and renal benefits have recently 
been reviewed [67, 68] and are shown in Fig. 33.8.

The benefits of SGLT2 inhibition can be considered in terms of their impact on 
(1) increased natriuresis and change in tissue sodium handling and (2) increased 
glycosuria.

The improved ventricular loading consequent to preload reduction from natriure-
sis and osmotic diuresis, and reduction of afterload from decreased blood pressure 
and increased arterial compliance, could be beneficial especially in an individual 
with diastolic dysfunction. A mediation analysis of the EMPA REG Outcome trial 
[69] indicated 50% of the reduction of CV mortality, and heart failure hospitalisa-
tion was attributable to the increase of haematocrit which is likely a marker of 
empagliflozin-induced plasma volume depletion. SGLT2 inhibitors may also selec-
tively reduce interstitial fluid and not result in sudden reductions of blood pressure 
and consequent sympathetic nervous system activation [70].

SGLT2 inhibitors modestly increase plasma ketone body levels consequent to 
reduced glucose oxidation and increased fatty acid metabolism. The move towards 
ketone metabolism has been proposed as a benefit for the stressed myocyte, as 
ketones are more efficiently metabolised than free fatty acids [71, 72]. In addition, 
increased lipid oxidation might reduce lipotoxicity from fatty acyl CoAs, diacylg-
lycerol and ceramides [73]. However, it is unclear whether ketone body oxidation 
by the myocardium does have an energetic advantage [74]. Treatment with SGLT2 
inhibitor is associated with a reduction of epicardial fat, leptins and pro- inflammatory 
cytokines such as TNF [75].

Any effect on the myocardium is likely to be indirect as the myocytes have only 
SGLT1 and very little or no SGLT2 co transporters. In animal models, SGLT2 inhi-
bition reduces inflammatory macrophages and the development of fibrosis [76]. 
SGLT2 inhibition in one MRI study was associated with a reduction of LV diastolic 
volume [77], and in another a reduction of LV mass [78] SGLT2 inhibitors inhibit 
the Na+/H+ exchanger in experimental models and lower myocyte cytoplasmic 
sodium and calcium [79], and increased mitochondrial Ca++ concentrations [79]. 
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↓ AGE-mediated effects
↓ AGE–RAGE signalling

↓ Leptin production

↓ Liver steatosis

↓ Skin sodium content

↓ BAdipose tissue
   deposition and
   inflammation

↑ Ketone body production
   and metabolism
↓ Myocardial Na+/H+

   exchanger

↑ Endothelial function

↑ Haematocrit and
   red blood cell mass

↑ Natriuresis and
   osmotic diuresis
↑ Glomerular afferent
   arteriolar vasoconstriction

↑ Glycosuria

↓ Plasma volume

↓ Plasma uric acid level

↓ Intraglomerular hyperfiltration

↓ Albuminuria

↓ Systemic blood pressure
↓ Vascular stiffness

↑ Glycaemic control

↔ Heart rate

↓ Body mass

Fig. 33.8 Putative mechanisms of the CV and renal benefits of SGLT2 inhibitors. Reprinted with 
permission from Cowie et  al. [68]. (AGE advanced glycation endproducts, RAGE Receptor 
for AGE)

These ionic changes could improve excitation–contraction coupling as well as 
reducing oxidative stress and the development of cardiac arrhythmias [80].

The mechanisms for renal preservation by SGLT2 inhibitors are also not defined. 
In some patients with chronic kidney disease, dilatation of the afferent renal arteri-
ole results in glomerular hypertension and hyperfiltration, which is a possible cause 
of progressive renal dysfunction [81]. SGLT2 inhibition reduces the uptake of prox-
imal tubular sodium and intratubular stimulation of the juxtaglomerular apparatus, 
the release of adenosine and afferent glomerular arteriolar constriction by tubulo-
glomerular feedback, protecting the glomerulus from the adverse effects of glo-
merular hypertension. This mechanism is in contrast to the nephroprotective benefits 
of RAAS inhibitors which reduce glomerular hypertension by dilatation of the 
efferent glomerular arteriole. The reduction of glomerular pressure with SGLT2 
inhibitors results in an early small fall of glomerular filtration with a reduction of 
eGFR of about 5 ml/min/1.73  m2 which is reversed within weeks of drug 
discontinuation.

 Future Cardiovascular Trials with Sglt2 Inhibitors

A list of registered SGLT2 inhibitor cardiovascular trials that have not reported 
outcomes are shown in Table  33.7. The most important trials examine whether 
SGLT2 inhibitors improve outcomes in patients with heart failure and preserved 
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Table 33.7 Ongoing cardiorenal trials with SGLT2 inhibitors

Trial name
National 
identifier Patient group Main endpoints

Canagliflozin

CHIEF HF 04252287 HF Functional impact, KCCQ
Dapagliflozin

DELIVER 03619213 HFpEF CV outcomes
DETERMINE 
Preserved

03877224 HFpEF Functional impact, KCCQ and 
6-min walk

DETERMINE 
Reduced

03877237 HFrEF Functional impact, KCCQ
and 6-min walk

Empagliflozin

EMMY 03087773 MI HF events
EMPA-Kidney 03594110 Chronic kidney 

disease
CV and renal outcomes

ejection fraction such as EMPEROR Preserved and EMPERIAL Preserved. Other 
trials evaluate SGLT2i in patients with recent decompensated heart failure such as 
EMPA-Response and SOLOIST WHF.  Other trials investigate mechanistic 
questions.

 Conclusions

SGLT2 inhibitors have remarkably robust benefits, most of which do not derive 
from the glucose-lowering properties of the drug class. They have a modest benefit 
on atherosclerotic adverse cardiovascular events but reduce cardiovascular mortality.

A reduction of heart failure hospitalisation and slowing the progression of 
chronic kidney disease are consistently observed in patients with and without clini-
cally evident ASCVD. In patients with established heart failure, SGLT2 inhibitors 
reduce both heart failure admissions and death rates. Progression of renal disease is 
slowed in patients with CKD, with and without diabetes. The clinical guidelines 
reflect these benefits by recommending the use of SGLT2 inhibitors as a first-line 
treatment in a wide range of patients with diabetes and ASCVD, and or chronic 
kidney disease independent of glucose control, and with heart failure with a reduced 
ejection fraction irrespective of the presence of diabetes. There is likely no CV ben-
efit from non-selective SGLT inhibitors such as sotagliflozin, beyond the more spe-
cific SGLT2 inhibitors, and adverse effects are increased.

 Glucagon-Like Peptide-1 Receptor Agonists (GLP-1 RA)

In 1964, it was observed that an oral glucose load resulted in greater insulin secre-
tion than when the same amount of glucose was given intravenously. The observa-
tion leads to the discovery of incretin hormones, such as glucose-dependent 
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insulinotropic polypeptide (GIP) and glucagon-like peptide 1 (GLP-1), released 
from the distal ileum and stimulating a range of responses that included increasing 
insulin release. In addition, GLP 1A reduces glucagon release, increases glucose 
uptake, and glycogen synthesis, delays gastric emptying and increases satiety. 
GLP-1 could exert cardiovascular benefits by lowering blood pressure, improving 
endothelial function and limiting atherosclerosis progression and inflammation 
[82, 83].

Pharmacological GLP-1 agonists were subsequently developed to be resistant to 
metabolism by the dipeptidyl-peptidase 4 (DPP4) enzyme. The GLP-1 agonists 
have two different structures: (1) derived from Gila Monster venom (e.g. exenatide 
and lixisenatide) and (2) analogues of human GLP-1 (e.g. liraglutide, semaglutide 
and albiglutide). GLP-1 agonists not only are effective glucose-lowering agents but 
also cause an important weight loss (1–4  kg) due to an increased satiety and 
decreased food intake. Hypoglycaemia is rarely observed except when GLP-1 ago-
nists are combined with insulin or sulphonyl urea agents. Consequently, they have 
many features of an ideal glucose-lowering agent. Gastrointestinal adverse effects, 
especially nausea, vomiting and diarrhoea, occur in up to 5% of patients. With the 
exception of semaglutide, the GLP-1 agonists are administered by subcutaneous 
injection. Cardiovascular effects of GLP-1 agonists include a reduction of blood 
pressure (SBP 2–6 mmHg) and an increased heart rate.

The clinical cardiovascular outcome trials are industry-funded safety trials 
designed to satisfy the FDA-mandated requirement. Although non-inferiority was 
the primary statistical goal, the study design of most of the trials allowed evaluation 
for superiority once non-inferiority had been demonstrated. The entry criteria and 
baseline characteristics of the cardiovascular safety trials for the GLP1-A agonists 
are shown in Table 33.8.

 Cardiovascular Outcome Trials for GLP 1A Agonists

 ELIXA [84, 85]

The lixisenatide in acute coronary syndrome trial (ELIXA)included 6068 patients 
who had an acute coronary event within 180 days of randomisation. The primary 
endpoint quadruple MACE (CV death, MI, stroke and hospitalisation for unstable 
angina) was not reduced by lixisenatide but showed non-inferiority. A total of 25% 
of subjects discontinued the trial prematurely, largely as a result of gastrointestinal 
symptoms.
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 LEADER [17]

The Liraglutide and cardiovascular outcomes in type 2 diabetes (LEADER) trial 
included patients 50–60 years old with CVD or over 60 years with at least one CV 
risk factor. A total of 9340 patients were randomised to receive either liraglutide 
1.8  mg or placebo daily by daily s/c injection. CVD was present in 81.3% of 
subjects.

After a median follow-up of 3.8 years, the primary endpoint (three-point MACE 
(CV death, non-fatal MI or non-fatal stroke) occurred in 13% of patients receiving 
liraglutide and 14.9% of the placebo group (HR 0.87, 95% CI 0.78–0.97). Consistent 
benefits were observed in a wide range of subgroups. However, the group of patients 
with age >50 years and established CVD had a greater benefit (HR 0.83, 95% CI 
0.74–0.93) than the group aged >60 and risk factors for CVD (HR 1.2, 95% CI 
0.86–1.67). Cardiovascular mortality was significantly reduced by 22% (HR 0.78, 
95% CI 0.66–0.93) and all-cause mortality was significantly reduced by 15%. The 
rates of myocardial infarction were borderline significantly reduced by 14% (HR 
0.86, 95% CI 0.73–1.00, p = 0.046). Hospitalisation for heart failure was not statis-
tically reduced (HR 0.87, 95% CI 0.73–1.05). Nephropathy (defined as new onset 
of macroalbuminuria, or a doubling of the serum creatinine and an eGFR of ≤45 ml/
min/1.73  m2, the need for continuous dialysis, or death from renal disease) was 
reduced by 22% (HR 0.78, 95% CI 0.67–0.92). There was a consistent weight loss 
of 2.3 kg (95% CI 2.5–2.0). Systolic BP was 1.2 mmHg lower and resting heart rate 
was 3bpm higher.

Gastrointestinal adverse effects were the most common reasons for discontinu-
ing treatment in 1.6% of the treatment group. Acute gallstone disease occurred in 
3.1% of the liraglutide group and 1.9% in patients receiving placebo. There was no 
significant increase of pancreatic disorders, although pancreatic cancer occurred in 
13 of the liraglutide and 5 of the placebo groups.

 SUSTAIN-6 [19]

The Trial to Evaluate Cardiovascular and Other Long-term Outcomes with 
Semaglutide in with Type 2 Diabetes (SUSTAIN-6) included 3297 subjects >50 
years old with established CVD or chronic kidney disease and subjects >60 with at 
least one CV risk factor. They received semaglutide or placebo as a weekly s/c 
injection. A total of 83% had CVD or CKD stage 3. Semaglutide reduced the inci-
dence of the primary MACE endpoint by 26% (Semaglutide 6.6% Placebo 8.9% 
HR 0.74 95% 0.58–0.95 p-value for non-inferiority <0.001, for superiority 0.002). 
Individually CV death, non-fatal MI or heart failure hospitalisation were not signifi-
cantly reduced. There were fewer strokes in the semaglutide group, with 27 
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compared to 44 in the placebo group (HR 0.61 95% CI 0.38–0.99). New or worsen-
ing nephropathy was reduced by 36% (HR 0.64, 95% CI 0.46–0.88).

Gastrointestinal symptoms were the commonest reason for discontinuation of 
the medication. Gall bladder disease or pancreatitis were not increased. 
Complications of retinopathy including vitreous haemorrhage, onset of diabetes- 
related blindness and need for treatment with an intravitreal agent or photocoagula-
tion were increased by semaglutide (HR 1.76 95% CI 1.11–2.78).

It is notable that SUSTAIN 6 had the greatest A1C difference of 0.7–1.0 % 
between the treatment and placebo groups.

 EXSCEL [86]

In the ‘Effects of once weekly Exenatide on Cardiovascular Outcomes in type 2 
Diabetes’ (EXSCSEL) study, more than 80% of the 14,752 subjects had pre- existing 
CVD. Following 3.2 years treatment with weekly injections of exenatide, there was 
no difference in MACE event rates between the exenatide and placebo groups. 
There was no difference in the rates of serious adverse events including severe 
hypoglycaemia or pancreatic disorders.

 HARMONY Outcomes [87]

The ‘Albiglutide and CV outcomes in Patients with type 2 diabetes and CVD’ 
(HARMONY Outcomes) included 9463 patients with established coronary artery 
disease (71%), cerebrovascular disease (25%) or peripheral arterial disease (25%) 
who received a weekly s/c injection of albiglutide or placebo for 1.6 years. The 
primary endpoint of triple MACE was reduced by 22% in subjects receiving albig-
lutide (HR 0.78, 95% CI 0.68–0.90). Fatal or non-fatal myocardial infarction was 
reduced by 25% (95% CI 0.61–0.91). Cardiovascular or all-cause mortality was not 
reduced. Serious adverse events such as severe hypoglycaemia or pancreatitis were 
not increased. Despite the very short duration of the trials, CV benefit of albiglutide 
was observed in this high-risk population.

 REWIND [85]

The Dulaglutide cardiovascular outcomes in Type 2 diabetes (REWIND) trial 
included patients with both cardiovascular disease and cardiovascular risk factors. 
A total of 9901 patients received dulaglutide or placebo and were followed for 5.4 
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years. However, 31.5% had known CVD. The primary MACE endpoint was reduced 
(HR 0.88, 95% CI 0.79–0.99). All-cause mortality was not reduced but stroke rates 
were 24% lower. Renal outcomes (new onset albuminuria, a sustained >30% reduc-
tion of eGFR or need for dialysis) were reduced by 15%.

The REWIND study was the longest of all the GLP-1 RA safety trials with the 
lowest risk subjects.

 PIONEER-6 [88]

The oral Semaglutide and Cardiovascular Outcomes in patients with type 2 diabetes 
(PIONEER-6) study included patients over 50 years old with established CVD or 
renal disease (84.7%) or over 60 years old with risk factors for CVD. Oral semaglu-
tide 14 mg or placebo was given daily to 3183 patients who were followed for 15.9 
months. The primary outcome of triple MACE showed non-inferiority but failed to 
show superiority. Serious adverse events did not differ between the semaglutide and 
placebo groups. Despite showing no significant benefit, the hazard ratio of the pri-
mary endpoint was similar to the SUSTAIN 6 trial using injectable semaglutide 
(0.79 vs. 0.74).

The seven CV outcome trials for GLP1 agonists show heterogeneity for the CV 
outcomes. All trials showed non-inferiority, and liraglutide, s/c semaglutide, albig-
lutide and dulaglutide have shown superiority with significant reductions of the pri-
mary outcome. The recent meta-analysis of the seven trials [89] (Fig. 33.9) indicates 
that the combined primary outcome is reduced by 12%, CV mortality reduced by 
12% (HR 0.88, 95% CI 0.81–0.96) and fatal /non-fatal stroke by 16% (HR 0.84, 
95% CI 0.76–0.93). Fatal/non-fatal MI is numerically reduced by 9%; however, the 
reduction is only borderline statistically significant (HR 0.91, 95% CI 0.84–1.00, 
p = 0.043). None of the trials show a significant reduction of heart failure hospitali-
sation. Combined renal outcomes are reduced in Leader, SUSTAIN-6 and 
REWIND. However, in ELIXA, there was a nonsignificant reduction of the urinary 
albumin creatine ratio.

Although patients with no cardiovascular disease appeared to have little or no 
cardiovascular benefit (Fig. 33.9), statistically there was no interaction between the 
groups with and without CVD.  Hence the analysis indicated similar benefit for 
patients with and without CVD (Fig. 33.10).
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Fig. 33.9 Meta-analysis of GLP-1 agonists cardiovascular trials. Reprinted with permission from 
Kristensen et al. [89]
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Fig. 33.10 Impact of GLP-1 agonists on subgroups. Reprinted with permission from Kristensen 
et al. [89]
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 Impact of GLP-1 RA on Kidney Outcomes

Kidney outcomes definitions varied between the GLP-1 RA trials (Table 33.9). A 
doubling of creatinine or 40% reduction of eGFR was only significantly reduced in 
the REWIND trial (HR 0.70 95% CI 0.57–0.85). The composite renal outcome with 
different definitions was significantly reduced in the LEADER (HR 0.78 95% CI 
0.67–0.92), SUSTAIN 6 (HR 0.64 95% CI 0.46–0.88) and REWIND (HR 0.85 95% 
CI 0.77–0.93). New onset albuminuria was significantly reduced in LEADER, 
SUSTAIN 6 and REWIND. No study showed a reduction of progression to end- 
stage kidney disease or death due to kidney disease.

 GLP-1 RA and Heart Failure

None of the cardiovascular safety trials of GLP-1 RA have individually shown a 
significant reduction of heart failure hospitalisation. In SUSTAIN, 623.6% of 
patients were recorded at baseline as having a history of heart failure. Yet more 
patients receiving semaglutide were hospitalised for heart failure than those receiv-
ing placebo (1.76 vs. 1.61/100,000). In the LEADER trial, 18% of patients had a 
history of heart failure, and there was a nonsignificant 13% reduction of heart fail-
ure hospitalisation. A meta-analysis of the seven GP-1 RA CV trials showed a 9% 
reduction of heart failure hospitalisation (HR 0.91 95% CI 0.83–0.99) with an NNT 
to prevent one HF hospitalisation of 311 over the median 3.2 years follow-up.

Table 33.9 Definitions of kidney outcomes by clinical trial

Worsening kidney function 
(narrow outcome)

Composite kidney outcome including 
macroalbuminuria (broad outcome)

ELIXA Doubling of serum 
creatinine

New-onset macroalbuminuria

LEADER Doubling of serum 
creatinine

New-onset macroalbuminuria, doubling of serum 
creatinine (eGFR < 45 ml/min/m2). ESKD, death 
due to kidney disease

SUSTAIN-6 Doubling of serum 
creatinine

New-onset macroalbuminuria, doubling of serum 
creatinine (eGFR < 45 ml/min/m2), ESKD, death 
due to kidney disease

EXSCEL ≥40% worsening of eGFR, 
ESKD, death due to 
kidney disease

≥40% worsening of eGFR, ESKD, death due to 
kidney disease, new-onset persistent 
macroalbuminuria

Harmony 
Outcomes

No outcomes reported No outcomes reported

REWIND ≥40% worsening of eGFR New-onset macroalbuminuria, ≥30% worsening of 
eGFR, ESKD

PIONEER 6 No outcomes reported No outcomes reported

eGFR estimated glomerular filtration rate, ESKD end-stage kidney disease
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 Safety of GLP-1 Agonists

GLP-1 receptor agonists (GLP-1 RA) have not been associated with any major 
safety issues.

Hypoglycaemia is rare unless the GLP-1 RA is used in combination with either 
insulin or sulphonylureas.

The most frequent off-target side effect of GLP-1 RA is nausea and vomiting. In 
the CV safety trials, nausea, vomiting or diarrhoea lead to drug discontinuation in 
approximately 3% of subjects receiving a GLP-1 RA and 0.5% in those receiving a 
placebo. However, in many patients, the GI symptoms are transient and can be 
diminished by initiating at a low dose, gradually increasing the dose and advising 
patients to eat small meals [90].

Treatment with GLP-1 RA may be associated with an increased risk of cholecys-
titis. GLP-1RA delay gastric emptying and should be used with caution in patients 
with prior gastric surgery or symptomatic gastroparesis.

Post-marketing reports indicate a possible association between GLP-1 RA use and 
the development of acute pancreatitis. Yet none of the CV safety trials have shown an 
increased risk, yet patients at high risk, especially with a prior history of pancreatitis 
were excluded from the trials. The FDA and EMA have not identified any association 
between GLP-1RA treatment and pancreatitis or pancreatic cancer [90]. However, 
treatment with a GLP-1 RA should be discontinued if pancreatitis develops.

Diabetic retinopathy complications, including vitreous haemorrhage, onset of 
diabetes-related blindness and need for treatment with an intravitreal agent or pho-
tocoagulation were increased in the SUSTAIN 6 trial by injectable semaglutide 
[19]. Although there was a trend to increased retinopathy in the REWIND trial, the 
complication was not observed in any other study, and the meta-analysis overall risk 
is not significantly increased. It has been proposed that the retinal complications 
resulted from the rapid reduction of blood glucose and not any direct effect of the 
drug. However, patients receiving a GLP-1 RA should have a retinal evaluation 
prior to and periodically during treatment.

Prior to the GLP-1 RA trials, there was concern that the agents could provoke 
medullary thyroid cancer. However, no increased risk was observed in the almost 
50,000 patients enrolled in these trials.

 Mechanisms of CV Benefit of GLP-1 Agonists

GLP-1RA have multiple actions that improve CV risk factors. Weight is reduced by 
2–3 kg, blood pressure is reduced and glycaemic control is improved.

GLP-1 receptors are found in both the myocardium and blood vessels (Fig. 33.11). 
The GLP-1RA modulates systemic inflammation and more localised inflammation 
in both the myocardium and blood vessesls [82]. GLP-1 RA has anti-inflammatory 
actions in pre-clinical studies at doses that do not cause weight loss and attenuates 
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Fig. 33.11 Action of GLP-1 RA on the heart and blood vessels (Reprinted with permission from 
Drucker et al. [82])

the development of atherosclerosis [83]. Monocyte adhesion to the endothelium and 
matrix metalloproteinase activity are reduced, thus stabilising the atherosclerotic 
plaque. In human studies, GLP-1 RA exert both antioxidant and anti-inflammatory 
effects that appear to be independent from changes in insulin levels. Whether the 
anti-inflammatory properties of GLP-1 RA are due to a direct effect, or secondary 
to metabolic changes or weight loss remains controversial [82, 83].

These putative mechanisms translate into possible ways GLP-1 RA might mod-
ify CV risk (Fig.  33.12). GLP-1 RA have cardioprotective properties following 
coronary artery occlusion with smaller infarct size and improved survival [83]. In 
humans with acute myocardial infarction, GLP-1 RA may reduce myocardial infarct 
size [91, 92]. Preclinical studies suggest beneficial effects of GLP-1 RA in models 
of ventricular dysfunction. Human studies have shown mixed results and a larger 
placebo-controlled randomised study is awaited [82].

GLP-1 RA reduces intestinal chylomicron production. However, the reduction of 
postprandial triglyceride levels is likely due to an indirect effect of GLP-1 R ago-
nism, from increased insulin and decreased glucagon levels, weight loss and 
increased insulin sensitivity. Platelet aggregation is inhibited in animal models; 
however, there is no human data to indicate if GLP-1 RA induces any clinically 
important change of platelet function or coagulation factors [82]. Endothelial func-
tion may be improved [93] and forearm blood flow increased by GLP-1 RA 
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Fig. 33.12 Putative mechanisms for GLP-1 RA modification of CV risk. Reprinted with permis-
sion from Drucker et al. [82]

infusion, independent of insulin levels [94]. However, there are several studies 
showing conflicting results, and it is unclear whether any changes of endothelial 
function are a direct or indirect effect of GLP-1 RA.

Sustained administration of a GLP-1 RA results in a persistent increase of heart 
rate of approximately 3bpm, but a fall in systolic BP of approximately 2–3 mmHg. 
The cause of the increased heart rate is unclear. The mechanism for the fall of blood 
pressure, which is independent of weight loss, is also not determined, but may be 
due to natriuresis and vasodilatation. No consistent change in plasma levels of renin, 
aldosterone or angiotensinogen has been observed.

 Summary of Outcomes with GLP-1 RA

Clinical trials with GLP-1 RA showed heterogeneous results, with liraglutide, 
semaglutide, albiglutide and dulaglutide showing significant reductions of the triple 
MACE primary endpoint yet trials with lixisenatide, exenatide and oral semaglutide 
showing no reduction. Cardiovascular mortality was reduced with liraglutide. 
However, the meta-analysis showed an overall a 12% reduction and an NNT to 
prevent one CV death of 175.
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Liraglutide and albiglutide significantly reduced fatal or non-fatal myocardial 
infarction. The meta-analysis showed a borderline 9% reduction. In the meta- 
analysis, stroke was reduced by 16% with only albiglutide showing a significant 
reduction (HR 0.84, 95% CI 0.76–0.93).

Heart failure hospitalisation was not reduced in any of the individual trials yet 
the meta-analysis showed a 9% reduction. Renal outcomes were improved with 
composite renal outcomes reduced in all trials. Yet worsening of renal function was 
only improved with dulaglutide and the meta-analysis indicated a nonsignificant 
improvement. Weight loss of 1–2 kg was observed early during treatment and main-
tained throughout the trials.

The most frequent adverse event was nausea, vomiting and diarrhoea. Yet, strate-
gies can reduce this adverse side effect that leads to approximately 2% of patients 
discontinuing treatment. Severe hypoglycaemia was infrequent and usually related 
to the cotreatment with insulin or a sulphonyl-urea.

 Application of SGLT2 Inhibitors and GLP-1 Receptor 
Agonists in Patients with Diabetes

Over the past 5 years, two classes of glucose-lowering drugs have been shown by 
rigorous randomised placebo-controlled trials to reduce cardiovascular events. The 
largely consistent results of the trials show that it is likely the cardiovascular bene-
fits are class effects of SGLT2 inhibitors and GLP-1 RA. SGLT2 inhibitors reduce 
heart failure admission, reduce CV mortality and slow the progression of chronic 
kidney disease. In contrast, the GLP-1 RA reduce myocardial infarction and stroke, 
have a small impact on CV mortality, but do not slow the worsening of renal func-
tion. Studies of both SGLT2 inhibitors and GLP-1 RA show smaller absolute ben-
efits in patients with no prior atherosclerotic CV disease. However, meta- analyses 
of SGLT2 inhibitor trials and GLP1-1 RA trials [89] showed no statistically signifi-
cant interaction between primary and secondary prevention. Yet, guidelines con-
tinue to recommend either agent as first-line treatment only in patients with 
established CVD (Fig.  33.13). It is possible that the combination of an SGLT2 
inhibitor and a GLP-1 RA would provide additive cardiovascular benefits.

For patients with diabetes with CVD, chronic kidney disease or multiple CVD 
risk factors.

An SGLT2 inhibitor or a GLP-1 RA with proven CV benefits should be consid-
ered (Fig. 33.13). Yet if heart failure or chronic kidney disease is a concern then a 
SGLT2 inhibitor is the preferred treatment. If the eGFR is less than 30  ml/
min/1.73 m2, the use of a GLP-1 RA may be preferred. However, the results of the 
DAPA CKD trial indicate the safety and benefit of an SGLT2 inhibitors even when 
the eGFR is 25 ml/min/1.73 m2. For patients with a recent acute coronary event, 
either a SGLT2 inhibitor or a GLP-1 RA could be prescribed during hospital stay, 
yet the optimal timing for initiating treatment is not known. Long-term adherence to 
treatment may be improved by starting treatment prior to discharge and should be 
considered in patients who are hemodynamically stable.
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Add other Glucose Lowering Agent

a Type 2 DM - Drug naÏve patients Type 2 DM - On metformin or other agentsb
ASCVD, or high / very high

CV risk (target organ damage
or multiple risk factors)a

ASCVD, or high / very high
CV risk (target organ damage - -

or multiple risk factors)a

Continue Metformin
Monotherapy

Add SGLT2 inhibitor
or GLP-I RAb

SGLT2 inhibitor or
GLP-I RA Monotherapyb Metformin Monotherapy

If HbAlc above target If HbAlc above target If HbAlc above target If HbAlc above target

++

Fig. 33.13 Algorithm for the initial choices of glucose-lowering drugs in patients with type 2 
diabetes. (a) not taking glucose lowering agents (drug naive) (b) receiving metformin or other 
agents. Reprinted with permission from Cosentino F et al. [95]

In patients at high risk of ASCVD (with multiple risk factors in addition to dia-
betes), either a SGLT2 inhibitor or a GLP-1 RA should be considered. For individu-
als at high risk of heart failure or CKD, a SGLT2 inhibitor is selected.

Until recently, glucose-lowering drugs were only prescribed by family physi-
cians and diabetologists/endocrinologists. Today, all physicians play a role in the 
identification of patients with diabetes, the management of cardiovascular risk fac-
tors and initiating drugs with proven cardiovascular benefits such as SGLT2 inhibi-
tors and GLP-1 RA agents. All physicians taking care of patients with diabetes need 
to be comfortable prescribing SGLT2 inhibitors and GLP-1 RA. Furthermore, now 
that we have evidence to support the use of SGLT2 inhibitors in patients without 
diabetes, with heart failure and with chronic kidney disease, SGLT2 inhibitors are 
no longer just a glucose-lowering drug for the treatment of patients with diabetes. 
Patients with ASCVD, a history of heart failure or CKD should be screened periodi-
cally for diabetes by measuring HbA1c. Patients with ASCVD and chronic kidney 
disease, and/or heart failure, should be considered for first-line treatment with either 
a SGLT2 inhibitor or GLP-1 RA with proven CV benefit irrespective of the HbA1c 
level. In the EMPA-Reg Outcome trial, CV benefit was observed independent of the 
use of any antidiabetic agents including metformin and insulin. The current 
European Society of Cardiology/European Association for the Study of Diabetes 
(Fig. 33.13) now recommends initiating either an SGLT2 inhibitor or GLP-1 RA 
before metformin in patients with newly diagnosed diabetes and either documented 
CVD or at very high CV risk [95].
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Chapter 34
Insulin Treatment of Diabetes 
Mellitus- Tight vs. Conventional Control

Nicholas Emanuele and Peter D. Reaven

Dr. Nicholas Emanuele, my coauthor for this chapter, 
unfortunately, passed away from COVID-19 while we were 
working on this project. He is one of the countless, wonderful 
health care providers and human beings that have perished 
from this viral scourge. As I thought of him each time I worked 
on this chapter, I felt it only appropriate to share this 
information as well as a little about both “Nick” the physician 
investigator and the man himself

After completing his Endocrine Fellowship at Northwestern 
University, he joined the military and became Chief of 
Endocrinology at the Tripler Army Medical Center. Although he 
never spoke to me of this time, I imagine this was just part of 
his ever-present desire to give back to society. He subsequently 
joined the Endocrinology Section, Hines VA Hospital and 
Department of Medicine, Division of Endocrinology at Loyola 
University. He eventually became Director, Division of 
Endocrinology and Metabolism, Loyola University of Chicago 
Stritch School of Medicine, where he helped establish vibrant 
clinical and clinical research programs. He was a dedicated 
educator of fellows and residents and was a strong advocate for 
his junior researchers/ colleagues. I was always impressed with 
how hard he worked to support their careers, often taking less 
prominent positions on papers or presentations to ensure his 
junior colleagues were highlighted instead
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He managed to conduct science with a strong touch of 
humanity—never forgetting that we are all humans first, 
researchers second. He led pioneering research in 
neuroendocrinology, which along with his other diverse 
endocrine interests led to publication of several hundred 
published papers and chapters. One of his many longstanding 
research interests revolved around understanding the effects of 
ethanol on the neuroendocrine system, publishing over 50 
papers in this area alone. He also became interested in 
complications of diabetes and identifying the optimal treatment 
to prevent these from occurring in type 2 diabetes. This 
stimulated his participation in many large VA Cooperative Study 
Program studies, including the VA Nephron-D study which 
tested combination therapy of an angiotensin-converting enzyme 
inhibitor with an angiotensin receptor blocker among patients 
with diabetic nephropathy. The main paper from this study 
demonstrated that combining these agents in type 2 diabetes 
was, in fact, harmful for renal function. This was a surprising 
but critical result, since this combination approach was gaining 
traction among many healthcare providers at the time.

I first came to know Nick as a fellow site investigator on the VA 
Diabetes Trial, where he and I directed study activities at the 
Hines and Phoenix VAs, respectively. Over time, we both took 
on Executive Committee leadership roles within the study and 
eventually became Co-Chairs of the long-term follow-up study. 
We shared many a long conference call discussing recruitment, 
data collection, results, and strategies going forward. These 
calls occasionally became relatively heated, with many differing 
opinions forcibly expressed by committee members- not 
infrequently leading to an uncomfortable gridlock. Nick, 
however, was unfailingly positive and had a wonderful sense of 
humor and would make some amusing comment (often about 
how this conversation reminded him in some way of the sad 
state of affairs of one of his beloved Chicago sports teams) to 
lessen the tension, or subtly poke fun at one of us or make a 
self-deprecating remark, which would invariably get us laughing 
and lower the temperature of the meeting. He would then 
tactfully redirect us to the key decisions and actions required to 
move the study forward in the right direction. I observed this 
technique repeatedly over years, never quite fully understanding 
how he knew just when and what to say. Eventually, I just came 
to accept this as one of his “special talents,” which I came to 
cherish along with his intellect, his deep concern for doing the 
right thing for his patients and research participants and his 
persistent commitment to each research project.

This dedication was never more apparent than on the day of our 
last in-person conversation. We were scheduled to have another 
one of our many calls that afternoon to discuss progress on this 
chapter as well as various issues related to the closure of the VA 
Diabetes Trial follow-up study. Nick called me a little before the 
meeting time, to let me know that he was not going to make the 
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call that day. He was heading to the hospital for increasing 
shortness of breath and informed me of his recent COVID 
infection. Despite this, he wanted to let me know of recent 
progress he had made on his sections of the chapter and hoped I 
could help pick up where he left off—to keep things moving along. 
Sadly, he died approximately a week later, on December 15, 2020.

Nick—wherever you are, I hope you are proud of this chapter 
and all the work we have completed together over the years. 
Working with you on the VA Diabetes Trial was one of my 
professional highlights and I would not have enjoyed the 
experience nearly as much without your humor, wit, and 
genuine warmth. You are greatly missed

 Introduction

By the end of the twentieth century, results from three trials reflecting geographi-
cally and phenotypically distinct populations reported that good glycemic control 
prevented or delayed the progression of the microvascular complications of diabetes 
mellitus, namely retinopathy, nephropathy, and neuropathy. The earliest of these, 
the Diabetes Control and Complications Trial (DCCT), conducted throughout the 
US, reported in 1993 that intensive glucose control prevented or slowed the progres-
sion of microvascular disease in relatively young people with type 1 diabetes 
(T1DM) [1]. Subsequently, a small (n = 110) Japanese study, the Kumamoto Study, 
showed that good control prevented or slowed the progression of microvascular 
outcomes in thin, middle-aged individuals with T2DM [2]. At the end of the last 
decade of the twentieth century, data from the United Kingdom Prospective Diabetes 
Trial (UKPDS) also showed that good glycemic control prevented or slowed the 
progression of microvascular events in people with newly diagnosed T2DM [3, 4].

While the microvascular disease is important and can greatly affect the quality of 
life in those with diabetes, the major cause of morbidity and mortality in people with 
diabetes is the macrovascular disease. Numerous epidemiologic studies have sug-
gested that hyperglycemia also has deleterious effects on cardiovascular disease risk 
in T2DM [5]. For example, retrospective analyses from the UKPDS showed a 14% 
decrease in fatal and nonfatal myocardial infarction per 1% decrement in HbA1c and 
a 12% decrease per 1% decrement in HbA1c [6]. However, no prospective trial data 
had yet shown clear cardiovascular disease (CVD) risk reduction with excellent gly-
cemic control. As a result, what target goals for HbA1c might be optimal for both 
micro-and macrovascular disease remained unknown. Thus, there was a need for 
larger, longer studies, especially in people with advanced diabetes. This led to the 
initiation of three separate studies to examine the effects of improving glycemic con-
trol on development of CVD in older T2DM patients with known CVD or at high risk 
for CVD.

The objective of this chapter is to summarize the data generated by the five 
major interventional trials (and their observational follow-up phases) of the late 
twentieth and early twenty-first centuries that helped fill the gap in knowledge on 
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the question of intensive glycemic control and CVD risk. These studies included 
the DCCT [1], UKPDS [3, 4], the Action in Diabetes and Vascular Disease: Preterax 
and Diamicron - MR Controlled Evaluation (ADVANCE) [7], the Veterans Affairs 
Diabetes Trial (VADT) [8], and the Action to Control Cardiovascular Risk in 
Diabetes (ACCORD) [9]. Although all trials included analyses examining conse-
quences of intensive glucose lowering on CVD outcomes, the number of events or 
the time of follow-up was too short in some trials to fully evaluate this outcome. 
Thus, several of the trials recognized the need for a longer observational follow-up 
phase. During these observation periods, patients typically returned to care of their 
own physicians were no longer following rigorous trial protocols, and as a result 
glycemic separation between treatment arms waned. This permitted investigators to 
examine if there was evidence that earlier glucose-lowering efforts (during the trial) 
provided a delayed or legacy effect on CVD events when glycemic separation no 
longer existed.

To facilitate overview of studies, we have provided a summary that includes 
relevant participant and trial characteristics and summary results for each study’s 
active interventional and follow-up phase.

 Diabetes Control and Complications Trial (DCCT)

 Interventional Phase

The DCCT was a study of 1441 male and female individuals with T1DM ages 13 
to 39 at entry. Participants included a primary prevention cohort with no retinopa-
thy and a secondary intervention cohort with mild retinopathy. Diabetes duration 
was 2.6 years in the primary prevention cohort, around 8.8 years in the secondary 
intervention cohort and entry HbA1c for the whole group was approximately 9% 
[1]. At baseline, all participants were on insulin (as expected for T1DM) but only 
5.8% had prior CVD events. The treatment arms were well balanced with respect 
to standard CVD risk factors including blood pressure, lipids, body weight, and 
smoking. They were followed for a mean of 6.5 years to determine the effect of 
intensive glycemic control on retinopathy and other vascular outcomes. By 
6 months into the trial, the average achieved HbA1c in the standard group remained 
at 9%, while the HbA1c in the intensively treated group fell to 7%; this treatment 
difference was maintained throughout the study. There was a highly significant 
benefit of intensive glycemic control on both the incidence and progression of reti-
nopathy, the primary endpoints. The cumulative number of CVD events was rela-
tively low (even combining all major cardiac and peripheral events), and although 
there was a trend for a decrease in these vascular events in the intensively treated 
patients compared with those in standard treatment group, this did not reach statis-
tical significance (Table 34.1).
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Table 34.1 Overview of major landmark clinical trials of glucose lowering in participants with 
diabetes mellitus

Landmark clinical trials in diabetes mellitus
Early diabetes Advanced diabetes
UKPDS 
(insulin/
sulfonylurea

UKPDS 
(metformin) DCCT ADVANCE VADT ACCORD

DM type 2 2 1 2 2 2
Participant 
number

4209 342 1441 11,140 1791 10,251

Age (years) 53 53 13–39 66 60 62
Gender (% M/F) 61/39 46/54 50/50 58/42 97/3 62/38
DM duration 
(years)

0 0 2.6/8,8a 8 11.5 10

Baseline HbA1c 
(%)

7.1 7.3 9 7.5 9.4 8.1

Baseline CV 
history (%)

7.5 7.5 5.8 32 40 35

Baseline insulin 
use (%)

0 0 100 1.5 50 35

Achieved 
HbA1c:STD/INTb

7.9/7 8/7.4 9/7 7.3/6.5 8.5/6.9 7.5/6.4

Intervention 
median duration 
(years)

10 10.7 6.5c 5.0 5.6 3.7c

Approximate total 
follow-up
(years)

17 17.7 29 10 10 
& 15

9

CV benefit/harm Benefitd Benefit Neither Neither Neither Harm
CVD legacy Yes Yes Yes No Yese No

a2.6 years in primary prevention group, 8.8 years in secondary intervention group
bSTD standard glycemic control; INT intensive glycemic control
cMean duration
dCVD benefit was most evident in the follow-up period only, after glycemic separation was no 
longer apparent
eThere was CV benefit at the 10-year follow-up, but this was no longer seen at the 15-year follow-up

 Observational Follow-Up Phase

Most (93%) of the DCCT cohort was followed passively in the Diabetes Control 
and Complications Trial/Epidemiology of Diabetes Interventions and Complications 
(DCCT/EDIC) [10]. After less than 2 years of observation, the separation in glyce-
mic control diminished between the treatment arms, with both groups having 
HbA1c values stabilizing around 8%.

CVD was defined as nonfatal myocardial infarction, stroke, death from cardio-
vascular disease, subclinical myocardial infarction, confirmed angina, clinically 
significant obstruction on coronary angiograph, or the need for coronary-artery 
revascularization. When data were analyzed after a mean of 17 years of follow-up, 
those previously in the intensive glycemic control group (in either the primary 
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prevention or secondary intervention cohorts) showed dramatic CVD benefit. There 
was a reduction in CVD by 42% (95% CI, 9–63%, P = 0.02) and the risk of nonfatal 
myocardial infarction, stroke, or death (standard 3-point major adverse cardiovascu-
lar event (MACE)) by 57% (CI 12–79%, P = 0.02) [11].

These data indicated that if the glucose-lowering intervention is substantial 
(approximately 2% in absolute HbA1c units), started relatively early in T1DM, there 
is a CVD benefit, but it is delayed. Furthermore, the CVD benefit grew even after 
glycemic separation between the two groups was lost. This provided strong evidence 
of a legacy effect of earlier glucose lowering in the intensively treated participants.

 The United Kingdom Prospective Diabetes Study (UKPDS)

 Interventional Phase

The UKPDS Study enrolled 4209 people with newly diagnosed T2DM with an aver-
age age of 53 years and an entry HbA1c of 7.1%. A majority of patients were male 
(61%), only 7% had known CVD at baseline and, not surprisingly, none were using 
insulin at the time of enrollment. The treatment arms were well balanced in terms of 
standard CVD risk factors such as blood pressure, lipids, weight, and smoking [3, 4] 
Study participants were followed for approximately 10 years with the primary aim of 
determining the impact of glycemic control on “any diabetes related endpoint,” a 
combination of important microvascular and macrovascular events [3]. The primary 
treatment arm comparison was sulfonylurea and/or insulin compared with conven-
tional therapy of diet or non-intensive pharmacologic therapies if needed. Over the 
course of the study, the average HbA1c in the conventional arm was 7.9% and in the 
intensively treated group it was 7%. There was a 12% reduction in any diabetes-
related endpoint in the intensive compared to the conventional group, RR 0.88 (CI, 
0.79–0.99, P = 0.029). However, the main effects of more intensive glycemic control 
were to reduce photocoagulation from 11 to 8 photocoagulations/1000 patient years 
and cataract extraction from 7.4 to 5.6 extractions/1000 patient years. Although there 
was not a comprehensive composite CVD outcome, there was a nonsignificant trend 
toward a decrease in myocardial infarction in the intensive glycemic control arm (RR 
0.84, CI 0.71–1.00, P = 0.052; Fig. 34.1). Changes in diabetes-related deaths (RR 
0.90, CI 0.73–1.11, P = 0.34), all-cause mortality (RR 0.94 (0.8–1.10), P = 0.44), or 
stroke (RR 1.11, CI 0.81–1.51, P = 0.52) were not statistically significant.

Thus, in newly diagnosed T2DM patients, moderate glucose lowering (with a 
HbA1c difference between groups of 0.9%) over a sustained period of time with 
sulfonylurea/insulin treatment led to microvascular, but not clear macrovascular 
benefits.

 The Metformin Subgroup

Within the UKPDS study, there was a secondary analysis of 342 overweight 
patients who were randomized to metformin (instead of sulfonylurea/insulin) or 
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Fig. 34.1 Effects of intensive glucose lowering in type 2 diabetes in the UKPDS study. (Figure is 
modeled from intensive blood–glucose control with sulphonylurea or insulin compared with con-
ventional treatment and risk of complications in patients with type 2 diabetes, The Lancet, Vol 352, 
September 12, 1998 and data are not intended to exactly represent original curves)

conventional therapy [4]. These patients were followed for 10.7 years. The median 
HbA1c during follow-up was 7.4% in the metformin group and 8·0% in the con-
ventional treatment group. The treatment arms were well balanced in terms of 
standard CVD risk factors. Patients assigned to more intensive blood–glucose con-
trol with metformin had a 32% lower risk (HR 0.68, CI 0.53–0.87), P = 0.0023) of 
developing any diabetes-related endpoint, a combination of important microvascu-
lar and macrovascular events, compared with those allocated conventional blood–
glucose control. This was also a significantly greater risk reduction than those 
assigned intensive therapy with sulfonylurea or insulin (P = 0.0034). Despite the 
relatively small sample size for a CVD outcome trial, the metformin group demon-
strated a 36% lower risk (HR 0.64, CI 0.45–0.91, P = 0.011) in all-cause mortality 
than the conventional group, which was a greater risk reduction than in the those 
assigned to intensive therapy with sulfonylurea or insulin (P = 0.021). The metfor-
min group also had a 39% lower risk (RR 0.61, CI 0.41–0.89, P = 0.010) of myo-
cardial infarction than the conventional treatment group and a 30% lower risk for 
all macrovascular diseases combined (myocardial infarction, sudden death, angina, 
stroke, and peripheral disease). Overall, although the cohort was modest in size, 
metformin appeared to have a surprisingly effective reduction in macrovascu-
lar risk.
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 Follow-Up Phase

After the end of the intervention phase, participants in the UKPDS were followed 
with yearly clinic visits for 5 years, and then with questionnaires for another 5 years 
for a median follow-up of 17 years from the beginning of the interventional phase 
[12]. The HbA1c difference among treatment groups vanished relatively rapidly 
after completion of the intervention phase, with participants reaching an HbA1c of 
approximately 8.5%. This equalization of HbA1c allowed study investigators to 
examine in more detail the legacy effect of prior glucose lowering on subsequent 
outcome events. In the sulfonylurea–insulin group, trends seen at the end of the 
intervention trial achieved statistical significant reductions in risk over the approxi-
mately 10 years of additional observation for any diabetes-related end point (RR 
0.91, CI 0.83–0.99, P = 0.04) and microvascular disease (RR 0.76, CI 0.64–0.89, 
P  =  0.001). Importantly, risk reductions for myocardial infarction (RR 0.85, CI 
0.74–0.97, P = 0.01) and death from any cause (RR 0.87, CI 0.79–0.96, P = 0.007) 
also emerged and achieved statistical significance during this follow-up period.

Similarly, in the metformin-treated subgroup, significant risk reductions achieved 
during the trial persisted during the long-term follow-up for any diabetes-related 
end point (RR 0.79, CI 0.66–0.95, P = 0.01), myocardial infarction (RR 0.67, CI 
0.51–0.89, P = 0.005), and death from any cause (RR 0.73, CI 0.59–0.89, P = 0.002).

These long-term follow-up study results greatly added to the information gleaned 
from the intervention phase. They demonstrated that if glycemic intervention is 
started early—at the onset of T2DM—there is a clear CVD benefit. For those ran-
domized to metformin, this occurred during the initial 10 years of treatment, but for 
those assigned to sulfonylurea/insulin groups, the benefit occurred more slowly, 
requiring approximately 17 years of median follow-up. Furthermore, the benefit in 
both these treatment groups becomes apparent or is sustained even after glycemic 
separation is lost, indicating a legacy effect of prior glucose lowering.

 Action in Diabetes and Vascular Disease: Preterax 
and Diamicron—MR-Controlled Evaluation (ADVANCE)

 Interventional Phase

ADVANCE enrolled 11,140 men and women (42%) with T2DM who were on aver-
age 66 years old, had a diabetes duration of 8 years, and an entry HbA1c of 7.5%. 
About 32% had CVD events at entry, but only 1.5% were on insulin [7]. They were 
followed in ADVANCE for 5.4 years after being randomized to either gliclazide 
MR (and other additional therapy to achieve glucose targets) or standard glucose- 
lowering therapy. Although the 8-year diabetes duration in ADAVANCE was not 
vastly different than 10 years in ACCORD or 11.5 years in VADT (both studies 
discussed below), the cohort did appear to have somewhat less advanced diabetes. 
Participants entered the study with a much lower HbA1c and with only a small 
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fraction receiving insulin. The treatment arms were well balanced in terms of stan-
dard CVD risk factors such as blood pressure, lipids, weight, and smoking [7]. 
Within the first six months of study, there was a modest but rapid fall in HbA1c in 
both treatment groups to 7.3% in the standard arm and 6.5% in the intensive arm 
which was largely sustained throughout the study, with an overall separation of 
0.8%. These HbA1c levels were close to those achieved in ACCORD (described 
below). The primary endpoint of ADVANCE, a combination of microvascular and 
macrovascular events was met, HR 0.90, CI 0.82–0.98, P = 0.013), but this was 
largely driven by improved renal disease, specifically proteinuria. For macrovascu-
lar events, there was a modest and not significant CVD benefit, HR 0.94, CI 
0.84–1.06, P = 0.32. There was no effect of more intense glycemic control on all-
cause mortality, HR 0.93, CI 0.83–1.06, P  =  0.28. These results indicated that 
improved glucose lowering can improve some microvascular outcomes (primarily 
proteinuria) but indicates that the benefit on macrovascular disease is less evident.

 Follow-Up Phase

During 6 years of observational follow-up, providing a total of greater than 10-year 
follow-up from the start of the study, no late CVD benefit emerged [13]. There was 
no benefit for myocardial infarction (HR 1.02, CI 0.89–1.19, P = 0.75), stroke (HR 
1.01, CI 0.89–1.15, P = 0.82), CVD death HR 0.97, CI 0.86–1.10, P = 0.63), or all- 
cause mortality (HR 1.00, CI 0.92–1.08, P = 0.91).

In contrast to the more beneficial effects reported in earlier studies (DCCT and 
UKPDS), these results suggested that glucose-lowering benefits may be less impres-
sive in more advanced T2DM patients, even following extended follow-up. Although 
stage of diabetes may be one contributor to the reduced benefit of glucose lowering, 
it is also possible that the relatively good initial glucose control and the more mod-
est decline during the intervention period blunted the improvement in vascular dis-
ease. Studies like ADVANCE were also conducted in an era of more comprehensive 
and aggressive risk factor treatment, perhaps also reducing the ability to show treat-
ment benefits from glucose lowering alone.

 Action to Control Cardiovascular Risk 
in Diabetes (ACCORD)

 Interventional Phase

While the achieved level of glycemic achieved in the intensive arm of ADVANCE 
was near normal, the beginning HbA1c was already relatively good in the whole 
group and the on trial between group separation in HbA1c was only 0.8%. Thus, it 
was important to learn if a greater decline in HbA1c and larger separation between 
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treatment groups would lead to a reduction in CVD. The ACCORD Study enrolled 
10,251 people with T2DM with an average age of 62 years, diabetes duration of 
10 years, and an entry HbA1c of 8.1% [9]. About 35% of participants had known 
CVD at entry and 35% were on insulin. There were 62% males and 38% females. 
So, the ACCORD cohort also reflected a relatively advanced group of T2DM 
patients, although one that certainly represents a large percent of the patients seen 
in primary care and specialty clinics currently. They were followed for a mean of 
3.7 years with the aim of determining the impact of achieving near normal glycemic 
control on a cardiovascular composite outcome of nonfatal MI, nonfatal stroke, or 
CVD death. As in the other studies noted above, the treatment arms were well bal-
anced in terms of standard CVD risk factors such as blood pressure, lipids, weight, 
and smoking [9]. Within the first 6 months of study, there was a rapid fall in HbA1c 
in both treatment groups to 7.5% in the standard arm and 6.4% in the intensive arm. 
This separation of 1.1% was maintained throughout the study. Despite this, there 
was only a modest and not significant CVD reduction in the primary outcome in the 
intensively treated group (Fig. 34.2; HR 0.90 (0.78, 1.03) P = 0.16). There was a 
benefit in the secondary outcome of nonfatal myocardial infarction, HR 0.76 (0.62, 
0.92), P = 0.004. However, alarmingly, all-cause mortality increased with intensive 
glycemic treatment HR 1.22 (1.04, 1.46) P = 0.04. Consistent with this, risk for 
CVD death was also markedly elevated in the intensively treated arm HR 1.35 (1.04, 
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1.76) P = 0.02. As a result, a 10-member data and safety monitoring board con-
cluded that the increased rate of all-cause mortality in the intensive therapy group 
outweighed any potential benefits and the glycemic part of ACCORD was termi-
nated early. These data clearly indicate that aggressively pursuing near normal glu-
cose control as in ACCORD does not benefit and might cause harm in older people 
with advanced T2DM.

Despite extensive post-hoc analysis by ACCORD investigators, it is not entirely 
clear what could explain the surprising results of ACCORD? A reasonable hypoth-
esis is that intensive glycemic therapy increased all-cause and cardiovascular mor-
tality in ACCORD because there was more overall and severe hypoglycemia with 
intensive therapy. In ACCORD, the individuals in the intensive arm had nearly 
three times as much hypoglycemia as in the standard treatment arm [9]. Although 
statistical analyses could not demonstrate that hypoglycemia events accounted for 
increased mortality, it is recognized that in the absence of continuous glucose mon-
itoring, hypoglycemia events and “time in hypoglycemia” are greatly underappre-
ciated. Hypoglycemia sets up a hemodynamic, thrombotic, and inflammatory 
situation conducive to cardiac ischemia [14]. Indeed, retrospective analyses of both 
ACCORD and VADT showed that those individuals who had severe hypoglycemia 
were more likely to develop a CVD primary endpoint, more likely to have CVD 
death, and to have higher all-cause mortality [15, 16] . What remains clear is that 
aggressive glucose lowering to near normal glucose ranges in an older group of 
T2DM patients with a high prevalence of CVD appears to cause more harm than 
benefit during the intervention period. By following this same cohort of individuals 
for an extended period of time after cessation of study, the ACCORD investigators 
hoped to learn about the long-term implications of this degree of glucose-lowering 
intervention.

 Follow-Up Phase

The final follow-up report from the ACCORD study occurred after a median of 
8.8 years, including nearly 5 years of additional observational monitoring [17]. At 
that point, the HbA1c in both treatment arms was around 8% (7.8 and 8% in inten-
sive and standard groups, respectively) and had slowly approached equal levels over 
the post-intervention period. The effect of intensive glycemic control over this 
extended period on death and nonfatal cardiovascular events was now neutral, but 
cardiovascular-related death remained increased in those who had been in the inten-
sive glycemic therapy arm, HR 1.20, CI 1.03–1.39, P = 0.02. These data indicate 
that even over an extended period of follow-up, the earlier glucose lowering to near 
normal ranges achieved during the intervention period did not lead to CVD benefit. 
Thus, consistent with long-term follow-up of the ADVANCE study, there was no 
evidence of a legacy effect.

As the ACCORD glucose-lowering intervention was stopped early, the duration 
of glucose lowering was relatively modest as noted above. This raised the 
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possibility that a longer period of glucose lowering (along with perhaps a greater 
separation in glucose control) might be needed to yield a CVD benefit.

 VA Diabetes Trial (VADT)

 Interventional Phase

The VADT enrolled 1791 people with T2DM (93% male) with an average age of 
60 years, diabetes duration of 11.5 years, and an entry HbA1c of 9.4% [8]. About 
40% had a history of CVD events at enrollment and 50% were on insulin. They 
were followed for a median of 5.6 years, the longest intervention period of the three 
trials in advanced T2DM patients. The primary composite CVD outcome included 
major CVD events, CVD death, myocardial infarction, stroke, congestive heart fail-
ure, amputation, interventions for CAD, peripheral vascular disease, and inoperable 
coronary artery disease. All available glucose-lowering agents were used (GLP-1RA 
and SGLT2i were not yet available, and DDP4i rarely used at that time) but higher 
doses of most medications were required to achieve tighter control in the intensively 
treated group. Lipids, blood pressure, and general health measures were treated 
identically in both groups during the study. Within the first 6 months of study, there 
was a rapid fall in HbA1c in both treatment groups to a median of 8.4% in the stan-
dard arm and 6.9% in the intensive arm. This separation in HbA1c of 1.5% was 
maintained throughout the study. Despite the high enrollment HbA1c and relatively 
large and prolonged separation in HbA1c between groups, there was only a modest 
and not significant CVD benefit, HR 0.88, CI 0.74–1.05, P = 0.14. There was also 
no clear effect of improved glycemic control on all-cause mortality HR 1.07, CI 
0.81–1.42, P = 0.62. It was however somewhat reassuring that mortality was not 
significantly increased as in ACCORD, and it was thought this difference might be 
due to the less aggressive HbA1c target achieved in the VADT with mean values in 
the intensive group just over 7%.

Thus, in older people with advanced T2DM, improved glycemic control achiev-
ing a reasonably robust difference in HbA1c that was maintained for 5.6 years did 
not translate into CVD benefit.

 VADT Follow-Up Phase

An important caveat for the more recent studies of glucose lowering in T2DM was 
their shorter duration of intervention. While the median follow-up in the VADT was 
of moderate duration, 5.6  years, even longer intervention periods had occurred 
within the UKPDS and DCCT, which had more favorable CVD outcomes. 
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Fortunately, about two-thirds of the VADT cohort (who had not died and agreed to 
further observational follow-up) had electronic medical records reviewed and inter-
mittent surveys conducted for prespecified follow-up analyses approximately 10 
and 15 years after the start of the intervention [18, 19]. During this observational 
follow-up phase, all diabetes care was returned to their primary care providers. The 
1.5% HbA1c separation that was achieved and maintained during the intervention 
period waned over several years eventually leading to both former treatment arms 
having a HbA1c of about 8%. Thus, the intensively treated group potentially bene-
fited from nearly 2–3  years of additional modest but sustained improvements in 
glucose lowering after completion of the intervention phase. At the 10-year interim 
analysis [18] those who had been in the intensive treatment group now demon-
strated a CVD benefit, HR 0.83, CI 0.7–0.99, P = 0.04 (Fig. 34.3). This was driven 
largely by a reduction in nonfatal myocardial infarctions. In additional post-hoc 
analyses, it appeared that the reduced CVD outcomes could be largely explained by 
the cumulative HbA1c separation between treatment groups [18]. This indicated 
that perhaps prolonged and relatively substantial separation in glycemic control 
may be needed to affect CVD benefit in those with advanced disease. As HbA1c 
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levels did merge between treatment groups after approximately 8+ years in the 
study, this also provided an opportunity in subsequent follow-up to examine for 
evidence of a legacy effect.

Interestingly, at 15 years, CVD benefit in the intensively treated group that had 
become evident at the 10-year interim analysis was lost [19]. There was no benefit 
in CVD death, HR 0.88, CI 0.64–1.20, P = 0.42 or all-cause mortality, HR 1.05, CI 
0.89–1.25, P = 0.54.

Interpretation of the VADT and VADT follow-up data would indicate that 
improved glycemic control led to a modest CVD benefit in people with advanced 
diabetes; but this conclusion comes with several caveats. First, the decline in HbA1c 
was substantial, with the intensive group having an absolute drop in HbA1c of 
nearly 2.5%. Second, the separation in glycemic control between groups during the 
intervention period needed to be relatively large (a HbA1c difference of 1.5%). 
Third, the overall duration of improved glucose control was sustained (nearly 
8 years). However, even with these robust glucose-lowering results, there was no 
evidence of a legacy benefit on CVD outcomes or mortality from the prior glucose- 
lowering intervention.

 Placing Glucose-Lowering CVD Trials in Context

The results of these five landmark studies of glucose lowering and complications 
have revealed several key findings. First, whereas the benefits of glucose lowering 
on microvascular disease are more consistently observed, and can be relatively 
robust in some cohorts, the benefits of glucose lowering on CVD events are rela-
tively modest. Reductions in CVD, no matter the nature of the composite outcome 
utilized, were generally less than 15% and in no case did they achieve statistical 
significance during the intervention periods. Second, if reductions in rates of CVD 
do occur, they take a relatively long time to become apparent. In the DCCT, 
UKPDS, and VADT, favorable effects appeared to take close to 10 years or more. 
And in each of these trials, benefits only achieved statistical significance after the 
end of the intensive glucose-lowering periods. Third, there appears a greater poten-
tial to modify CVD risk with glucose lowering earlier in the course of diabetes. 
Glucose- lowering interventions in younger T1DM (DCCT) or new onset T2DM 
(UKPDS) appeared more successful in reducing both micro- and macrovascular 
disease than in those individuals with more advanced diabetes. Moreover, more 
persistent benefits (even after glucose separation had waned between treatment 
groups) only occurred in these younger cohorts with less baseline prevalence of 
CVD. A legacy effect of prior glucose lowering therefore only appears possible if 
treatment is started relatively early in the course of the diabetes. Thus, earlier ini-
tiation of improved glucose control appears to have both greater CVD benefits 
during the intervention as well continued benefits even when glucose control is 
relaxed.
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 Additional Explanations for Distinct Differences in Outcomes 
among Glucose-Lowering Studies

As there were striking differences among studies as pointed out above, it may be 
useful to consider potential mechanisms that may underly these distinct but related 
findings and discrepancies among the trials. One key difference in later studies of 
glucose lowering (ADVANCE, ACCORD, and VADT)—which were all conducted 
in patients with more advanced T2DM—is that they were conducted in era of more 
comprehensive risk factor management. Better management of blood pressure and 
lipids was present, as was therapy to reduce clotting and protect against develop-
ment or progression of renal disease. This also reflects additional use of numerous 
medications (e.g., statins, ACE/ARBS) that may also have direct vasculo-protective 
effects. For example, the percentage of participants using statins or hypertension 
medications is much higher in ACCORD [9] than in the UKPDS [3, 4].

Older T2DM patients with a longer history of diabetes and hyperglycemia and a 
greater prevalence of CVD (as present in ACCORD, ADVANCE, AND VADT) may 
also have a degree and complexity of atherosclerosis that is less influenced by sub-
sequent improved glucose control. While early atherosclerosis plaques may consist 
largely of reversible lipid-rich lesions, advanced lesions are also enriched in 
recruited inflammatory cells, cellular debris, fibrous material, cholesterol crystals, 
and calcium—all much less likely reversible lesion components. Consistent with 
this, in a substudy of the VADT, glucose lowering was found more effective in 
reducing CVD in those with lower coronary calcium (i.e., an indication of less 
advanced atherosclerosis) at enrollment [20].

It has also been suggested that in advanced and longer duration diabetes, the 
accompanying hyperglycemia and oxidative stress have generated substantial 
advanced glycation formation (AGEs) in arteries. These products may damage tis-
sues by direct interaction with intra- and extracellular proteins and other molecules 
and via binding to the receptors for AGE [21, 22]. Through direct binding and cross-
linking of structural proteins, such as collagen, vitronectin, or laminin, as well as 
multiple functional molecules, AGEs interfere with tissue integrity and/or function 
[23]. These direct binding effects are particularly damaging for long-lived cells, 
such as nerves and long-lasting proteins such as proteins of lens and cornea [24, 25] 
and vascular wall collagen [27].

An additional potential limitation of current glucose-lowering efforts has 
been the singular focus on lowering mean glucose levels, typically tracked by 
changes in HbA1c. While this approach has in general been quite successful for 
reducing microvascular disease, especially in earlier stages of diabetes, this may 
not capture all the risk of hyperglycemia. Importantly, variability in several risk 
factors, including blood pressure, weight, and lipids, has been linked with mul-
tiple vascular outcomes [26–28]. This concept may be particularly relevant for 
glucose control, as this risk factor has substantial variation over very short-term 
(minutes to hours), short-term (over days), or long-term (weeks to months) time 
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frames. Glucose variability, independent of mean or cumulative estimates of 
glucose control, is strongly linked with CVD and mortality [29, 30]. Of note, in 
the VADT, the independent relationship of glucose variability with CVD was 
even greater in those receiving intensive glucose lowering—suggesting control-
ling glucose variability may even more relevant in this group [30]. This certainly 
illustrates how simply lowering average measures of glucose may not suffi-
ciently reduce all the risk of hyperglycemia. This also points to the possibility 
that glucose-lowering interventions need to also consider their effects of on glu-
cose variation.

Another risk of intensive glucose lowering is hypoglycemia. Hypoglycemia has 
consistently been associated with 2- to three-fold increased CVD risk. Although 
numerous mechanisms (e.g., increased thrombosis, catecholamine surges) have 
been proposed to account for acute CVD events, there are also data indicating that 
hypoglycemia is also linked with increased atherosclerosis and/or cardiac injury 
[31, 32]. These negative consequences of hypoglycemia could certainly counter the 
benefits of glucose lowering for this same outcome—CVD. Although severe hypo-
glycemia was not found to account for the increased mortality associated with inten-
sive glucose lowering in ACCORD, its effect may be underappreciated as it is 
difficult to accurately capture hypoglycemia events, particularly the less severe but 
more common episodes of hypoglycemia. Limiting hypoglycemia along with 
hyperglycemia and glucose variation may be the third leg of the optimal glycemic 
control stool.

 A New Paradigm: Nonglycemic Lowering Drugs 
with Additional Benefits

The development of several new classes of glucose-lowering medications has dra-
matically changed the approach to treatment of glucose and diabetes in general. 
Several of these agents appear to have profound effects on atherosclerosis, heart 
failure, and/or renal disease that do not appear related to their co-existing effects on 
glucose. For example, although glucose lowering with GLP-1 receptor agonists 
(GLP-1RA) can be substantial, the benefits seen in most GLP-1RA cardiovascular 
outcome studies are far more substantial and occur much earlier than demonstrated 
in the less drug-specific glucose-lowering studies such as ACCORD and VADT 
[33]. Similarly, cardiovascular outcome studies with SGLT2i have demonstrated 
dramatic and relatively early improvements, particularly in the prevention or treat-
ment of heart failure, despite only moderate degrees of glucose lowering [34–37]. 
Moreover, benefits in several vascular outcomes have been demonstrated with use 
of this class of medication even in patients without diabetes [38]. How these two 
medication classes reduce cardiovascular risk remains an active area of investiga-
tion, but it is likely multifactorial. However, it is of interest given the above 
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discussion of intensive glucose-lowering trials in diabetes patients that both these 
classes of medications lower glucose with reduced glucose variation and risk of 
hypoglycemia. Thus, it has become clear that selection of the class of glucose-
lowering medication is as, or more, important for reduction in CVD than is the 
degree of glucose lowering achieved for many individuals, and correctly identify-
ing the most appropriate class of medications will be an important component of 
any personalized diabetes care strategy. Recent guidelines from various diabetes 
and endocrine organization highlight these points and provide specific algorithms 
to provide a more patient-centered and risk-based medication selection strategy 
[39, 40].

 Clinical Implications

As a result of these above glucose-lowering trials, we have gained substantial infor-
mation about how to incorporate more intensive glucose lowering into management 
of diabetes to reduce CVD. The greatest benefit appears to occur if this is started 
earlier in the course of diabetes, as reflected in results from the DCCT and UKPDS 
[1, 3, 4, 12]. Moreover, continued benefits (i.e., legacy effects) may occur in these 
individuals even if glucose lowering is not sustained [10–12]. In contrast, aggres-
sive glucose lowering in those with more advanced diabetes yields less CVD protec-
tion and may be associated with increased mortality [9].

It is also clear that the approach to intensive glucose lowering is critical to suc-
cessful reduction in CVD outcomes. Picking the right glucose goal for the right 
patient is a key first step. The greatest benefits in trials occurred in patients who 
started with relatively elevated initial HbA1c levels and subsequently have these 
lowered at least by an absolute HbA1c of 1%. Importantly, studies that achieved a 
HbA1c goal of near 7% were most successful, whereas more aggressive goals 
failed to achieve significant reductions in outcomes. This may be particularly 
important in individuals at increased risk of adverse events from aggressive glu-
cose lowering, such as elderly individuals or those with known CVD or significant 
comorbidities. The most likely—although unproven—explanation for worse 
results in studies achieving near normal HbA1c targets is increased hypoglycemia. 
Risk for hypoglycemia is undoubtedly influenced by the extent of within and 
between day glucose fluctuations. Thus, achieving glucose-lowering targets while 
minimizing glucose variability and hypoglycemia are the three key components of 
optimizing glucose management. Importantly, recent diabetes medications, par-
ticularly GLP-1RA and SGLT2i, are effective glucose-lowering agents that are 
associated with decreased glucose variability and rates of hypoglycemia. As these 
drugs also appear to have CVD protection independent of their glucose-lowering 
benefits, their early incorporation in glucose-lowering regimens is highly recom-
mended when possible.
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Chapter 35
Differences of Diabetes Treatment 
and Care in Various Ethnic Minorities

Yan Emily Yuan and A. Enrique Caballero

 Introduction

Most clinicians in the United States (U.S.) and around the world are constantly chal-
lenged by having to tailor multiple health-related prevention and treatment strate-
gies to improve the lives of people from diverse races/ethnicities, socio-economic 
strata, education levels, and cultural backgrounds. Unfortunately, the task of provid-
ing optimal care to diverse groups is daunting as health care professionals are not 
fully aware of practical recommendations they can provide to their patients. In addi-
tion, health care systems are often not equipped with culturally oriented programs 
that fulfill the needs for each of these groups.

Disparities in health care have long been documented in the U.S. and globally. 
Racial/ethnic minorities have been identified with alarming rates of type 2 diabetes 
and multiple diabetes-related complications including cardiovascular disease. 
Some biological factors contribute to these disparities. Abnormalities in the patho-
physiology of both diabetes and cardiovascular disease have been identified in 
Latinos/Hispanics, non-Hispanic blacks, Asians and American Indians, and Pacific 
Islanders. Specific genetic differences have been postulated to explain some diabe-
tes and cardiovascular disease cases in these populations.

However, genetic and biological abnormalities contribute to explaining dispari-
ties in disease rates only to a small percentage. Our current understanding is that 
social and cultural factors particularly present in racial/ethnic minorities influence 
the development of both diabetes and cardiovascular disease at a much higher level. 
Socioeconomic status, neighborhood and physical environment, food environment, 
health care, and social context are powerful social determinants of health and 
disease.
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Understanding the interplay of biological differences along with unique cultural 
and social factors in distinct racial/ethnic groups is crucial to be able to provide 
optimal health care to all. Health care professionals must embrace the routine evalu-
ation of social determinants of health in order to develop and implement effective 
prevention and treatment interventions to help these vulnerable populations.

Unfortunately, disparities in health care expand beyond the known differences in 
racial/ethnic minorities. Gender, age, and sexual orientation are factors that have 
also been shown to influence diabetes and cardiovascular disease rates in multiple 
populations across the globe. Groups with lower socio-economic status, education, 
and health literacy levels are often affected more frequently and severely by diabe-
tes and cardiovascular disease. Understanding how these factors also influence the 
development of these diseases is extremely important in today’s health care 
environment.

This chapter focuses on detailing the current understanding of how specific bio-
logical abnormalities contribute to differential prevalence and incidence rates of 
diabetes and cardiovascular disease in racial and ethnic minorities in the U.S. as 
well as in groups divided by gender and sexual orientation. Furthermore, we pro-
vide information on the often forgotten social and cultural factors that influence 
diabetes and cardiovascular disease care in these vulnerable populations. Most 
importantly, we have aimed at providing some practical recommendations to health 
care professionals seeking to understand the complexity of biological, psychologi-
cal, social, and cultural factors that contribute to the disease burden in underserved 
populations.

 Description of Diverse Populations in the U.S.

The main racial/ethnic minorities in the U.S. are Latinos/Hispanics, Blacks or 
African-Americans, Asians, American Indians and Alaska natives and Native 
Hawaiian and other Pacific Islanders. These groups have generally grown at a faster 
pace than the non-Hispanic white population.

At the present time, these groups combined represent approximately 35% of the 
total population. It is predicted that this figure will increase to 50% by the year 2050 
[1]. Current and projected percentage of the U.S. population by race and ethnicity 
from the year 2014 to the year 2060 is shown in Table 35.1 [2].

The non-Hispanic White alone population is both the largest racial and ethnic 
group and accounts for greater than a 50% share of the nation’s total population. It 
is currently the “majority” group. However, by 2060, the share of this group is pro-
jected to decrease to 44% (see Table 35.1). The point at which the non-Hispanic 
White alone population will comprise less than 50% of the nation’s total population 
has been described as the point at which we become a “majority–minority” nation. 
According to these projections, this crossover will occur in 2044.
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Table 35.1 Population by race and Hispanic origin: 2014 and 2060 (population in thousands)

Race and Hispanic 
origin

2014 
Number

2014 
Percent

2060 
Number

2060 
Percent

Change 
2014–2060 
number

Change 
2014–2060 
percent

Total population 318,748 100 416,795 100 98,047 30.8
One race 310,753 97.5 390,772 93.8 80,020 25.8
White 246,940 77.5 285,314 68.5 38,374 15.5
Non-Hispanic white 198,103 62.2 181,930 43.6 −16,174 −8.2
Black or African 
American

42,039 13.2 59,693 14.3 17,654 42.0

American Indian and 
Alaska native

3957 1.2 5607 1.3 1650 41.7

Asian 17,083 5.4 38,965 9.3 21,882 128.1
Native Hawaiian and 
other Pacific Islander

734 0.2 1194 0.3 460 62.6

Two or more races 7995 2.5 26,022 6.2 18,027 225.5
Race alone or in combination

 White 254,009 79.7 309,567 74.3 55,558 21.9
  Black or African 

American
45,562 14.3 74,530 17.9 28,968 63.6

  American Indian and 
Alaska native

6528 2.0 10,169 2.4 3640 55.8

 Asian 19,983 6.3 48,575 11.7 28,592 143.1
  Native Hawaiian and 

other Pacific Islander
1458 0.5 2929 0.7 1470 100.8

Hispanic or Latino origin

 Hispanic 55,410 17.4 119,044 28.6 63,635 114.8
 Non-Hispanic 263,338 82.6 297,750 71.4 34,412 13.1

The percentage of foreign-born individuals is expected to gradually increase 
over the next few decades. In 2014, 13.3% of the population was comprised by 
individuals born outside the U.S. In the year 2060, this figure is expected to repre-
sent 18.8% of the total population [2].

The U.S. population is also expected to include a higher percentage of older 
individuals over time. The subgroup above the age of 65 is expected to increase by 
112.2% from 2014 to 2060. All these changes in the population characteristics will 
definitely continue to impact our health care system and will increase the demand 
for tailored programs for diverse populations.

Hispanic origin is considered an ethnicity, not a race. Hispanics may be of any 
race. In combination means in combination with one or more other races. The sum 
of the five race groups add to more than the total population, and 100%, because 
individuals may report more than one race.
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 Health Care Disparities

 Prevalence and Incidence of Diabetes by Race/Ethnicity

The adult U.S. population with diabetes has increased significantly in the past two 
decades [3]. The Center for Disease Control and Prevention (CDC) estimates the 
current prevalence of diabetes among adults aged 18 years or older is 34.1 million, 
or 13.0% of the U.S. adult population [4]. A vast majority of diabetes cases corre-
spond to type 2 diabetes. The prevalence, however, varies among different ethnic 
and racial groups. From data collected from the National Health and Nutrition 
Examination Survey (NHANES), American Indians/Alaska Natives have the high-
est prevalence of diagnosed diabetes (14.7%), followed by Hispanics (12.5%), non- 
Hispanic Blacks (11.75%), non-Hispanic Asians (9.2%), and non-Hispanic Whites 
(7.5%) [3, 5]. Of note, within the different racial/ethnic groups, there is a notable 
heterogeneity across different subgroups. From the CDC data, among U.S. adults of 
Hispanic origin, Mexican-Americans (14.4%) and Puerto Ricans (12.4%) had 
higher prevalence than Central/South Americans (8.3%) and Cuban-Americans 
(6.5%). Similarly, among non-Hispanic Asians, Indian-Americans (12.6%) and 
Filipino-Americans (10.4%) had higher prevalence than Chinese-Americans (5.6%) 
and other Asian-American groups [4].

The prevalence of diabetes has been on the rise, and it is in large part driven by 
aging and increased rates of obesity [3, 4, 6, 7]. Although diabetes has increased in 
every subgroup, the rate of growth highlights notable disparities across differential 
racial and ethnic groups. When comparing 2015–2016 to 1999–2000, there is a 
statistically significant difference in the percentage increase of diabetes prevalence 
by race [3]. Among non-Hispanic Whites, the prevalence of diabetes increased by 
4.8% points—from 6.7 to 11.5%, compared to 7.4% point increase for non- Hispanic 
Blacks—from 10.9 to 18.3%, compared to 10.1% point increase for Mexican 
Americans—from 8.3 to 18.4% [3].

The CDC estimates 1.5 million new cases of diabetes in the U.S. adult popula-
tion in 2018. Despite the increase in prevalence, the overall incidence of diabetes in 
age-adjusted adults was similar in 2000 (6.2 per 1000 adults) and 2018 (6.7 per 
1000 adults) [4]. However, the incidence of diabetes in adults of Hispanic origin 
(9.7 per 1000 adults) and non-Hispanic Blacks (8.2 per 1000 adults) was higher 
when compared to non-Hispanic Whites (5.0 per 1000 adults) [4, 8].

The racial disparities in diabetes prevalence affect not only the adult population, 
but is also present among children and adolescents [4, 9, 10]. In a study using the 
Pediatric Diabetes Consortium Type 2 Diabetes Clinic Registry, the prevalence of 
type 2 diabetes was highest in children of Hispanic origin, and about 80% of the 
population with diabetes were from racial or ethnic minority groups [11]. Projection 
models estimate that the racial and ethnic disparities in all diabetes prevalence will 
persist over the next three decades with the highest in non-Hispanic Blacks (1.63 
per 1000 children), American Indian/Alaska Native (1.28 per 1000 children), and 
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Hispanics (0.96 per 1000 children), and the lowest in non-Hispanic Whites (0.28 per 
1000 children).

These data shed light on the pervasive illness burden of diabetes on racial and 
ethnic minority groups. Social, psychological, cultural, biological, and systemic 
factors all contribute to the disparities in prevalence as well as in the indicators of 
diabetes care.

 Prevalence and Incidence of Complications of Diabetes by Race/
Ethnicity

Diabetes is associated with significant comorbidities that affect health outcomes 
[12–14]. Minority populations have been shown to suffer more diabetes-related 
complications when compared to their White counterparts [13, 15–17].

 Microvascular Complications

Microvascular complications significantly contribute to morbidity and illness bur-
den in patients with diabetes.

Nephropathy

According to the CDC, 37% of U.S. adults with diabetes between 2013 and 2016 
had chronic kidney disease (CKD), and more than half had stage 3 or 4 (moderate 
or severe) CKD [4]. During this period, diabetes nephropathy was the leading cause 
(38.6%) of end-stage kidney disease (ESRD) [4].

Non-Hispanic Black and Hispanic people are more likely to have ESRD than 
their White counterparts [18]. In a study of insured population, the adjusted hazard 
ratio of non-Hispanic Black and Latino individuals for developing ESRD relative to 
White individuals was 2.03 and 1.46, respective (p < 0.01) [18]. Additionally, these 
two groups are seen to develop CKD earlier, and Blacks in particular have shown a 
more rapid progression toward ESRD after developing proteinuria when compared 
to Whites [19]. In a study using multiple national databases to compare the changes 
in diabetes-related complications between 1990 and 2010, it was found that while 
the rates of major diabetes complications—acute myocardial infarction, death from 
hyperglycemic crisis, stroke, amputations and ESRD—all decreased, ESRD had the 
smallest absolute decline [20]. The authors posited that this observation may be 
related to the rise of diabetes among non-Hispanic Black individuals, in whom the 
rates of ESRD is double that of the non-Hispanic White population [20].

The rates of CKD in American Indian and Asian-Americans have been less stud-
ied compared to other minority groups. However, in a 10-year population health 
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study in Hawaii, it was found that individuals of Filipino and Native Hawaiian 
descent had a higher risk for CKD when compared to non-Hispanic Whites [21].

Retinopathy

Retinopathy is another major contributor to diabetes associated morbidity. Among 
adults diagnosed with diabetes, 11.7% reported some vision disability, including 
blindness [4]. In U.S. adults 18–64 years of age, diabetes is the leading cause of new 
cases of blindness [4]. Diabetic retinopathy disproportionately affects the racial and 
ethnic minorities. The INSIGHT study screened 1894 persons with diabetes from 
four urban sites (Birmingham, AL, Miami, FL, Philadelphia, PA, Winston-Salem, 
NC)—99% of whom were ethnic minorities—and found that one in five screened 
positive for diabetic retinopathy [22]. In a case-controlled study using data from the 
Los Angeles Latino Eye Study, Gao and colleagues found that American Indian 
Ancestry in Latino subjects with type 2 diabetes mellitus was significantly associ-
ated with severe diabetic retinopathy (p = 0.002) [23].

There has also been consideration that Black Americans may be at an increased 
risk for microvascular complications of dysglycemia below the diagnostic threshold 
of diabetes. In a meta-analysis that stratified HbA1c to prevalence of diabetes- 
related microvascular complications, Butler and colleagues found that in Black- 
Americans older than 55 years of age, there was notable rise in retinopathy even 
when HbA1c was <6.5% [24]. This suggests the need to amend screening guide-
lines for at risk populations to offer appropriate preventive management.

Neuropathy

Population differences in peripheral diabetic neuropathy are more difficult to eluci-
date due to potential language and cultural differences that can impact clinical 
assessment and evaluation. Some studies have suggested regional differences in dis-
ease prevalence [25]. For example, among American Indians, the prevalence of dia-
betic neuropathy was 22% in those living in Arizona, 9% in those living in the 
Dakotas, and 8% in those living in Oklahoma [25].

One study examined the differences in reports of painful diabetic peripheral neu-
ropathy symptoms in Non-Hispanic Black, Hispanic, and White populations [25]. 
Using a survey to assess symptoms such as numbness, quality and intensity of pain 
as well as sensitivity, the authors found that Non-Hispanic Black (65%) and Hispanic 
individuals (49%) were less likely to rate pain as moderate or severe relative to their 
Non-Hispanic White (87%, p  <  0.05) counterparts [25]. However, more Non- 
Hispanic Black and Hispanic individuals also reported difficulty communicating 
with their healthcare team as compared to the Non-Hispanic White individuals [25], 
which clouds assessment of true prevalence this complication.
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 Macrovascular Complications

Cardiovascular disease (CVD) includes heart disease, cerebrovascular disease, and 
peripheral vascular disease, all common complications in people with diabetes. 
CVD continues to be the leading cause of death in the U.S. [12].

Heart Disease

According to the CDC in 2017, the prevalence of heart disease was the highest in 
non-Hispanic white adults (11.5%), followed by non-Hispanic Black adults (9.5%), 
Hispanic adults (7.4%), and non-Hispanic Asian adults (6.0%) [26]. Although the 
prevalence of heart disease was higher in non-Hispanic white adults, the trend in 
overall death rate attributable to CVD has been higher in ethnic minorities than in 
non-Hispanic white adults [26, 27]. In 2017, the age-adjusted rate of death for heart 
disease was higher in non-Hispanic Black adults (208 per 100,000 persons) than in 
non-Hispanic White adults (168.9 per 100,000 persons) [26]. Non-Hispanic Black 
men, in particular, have the highest rate of death attributable to CVD [27]. As dis-
cussed below, these disparate health outcomes are the result of differences in risk 
factors as well as inequities in health care access and utilization.

Cerebrovascular Disease

Cerebrovascular disease is a cause of significant morbidity and mortality in the 
U.S., and the risk of stroke is impacted by race and ethnicity. Non-Hispanic Black 
and Hispanic individuals have a higher age-adjusted incidence for first ever stroke 
than non-Hispanic White and Asian individuals [27, 28]. While death attributable to 
stroke has declined between 2019 and 1999 for most racial and ethnic groups, the 
stroke death rate has increased in Hispanic people in the U.S.  [4]. These finding 
highlight the need to develop tailored screening and management programs to reach 
the most at-risk populations.

Peripheral Artery Disease and Amputations

Diabetes is a known to be associated with the development of peripheral arterial 
disease (PAD) [29]. Few studies have examined the prevalence of PAD across a 
multi-ethnic population. In a cross-sectional study of 2343 adults, Criqui and col-
leagues examined PAD rates in non-Hispanic Whites, Blacks, Hispanics, and Asians 
[30]. In weighted logistic models, the authors used non-Hispanic Whites as the ref-
erence group and found that non-Hispanic Blacks had significantly higher preva-
lence of PAD (OR = 2.30, p < 0.024), but no statistical differences in Hispanics and 
Asians. Although the non-Hispanic Black adults also had higher blood pressure and 
diabetes, including these variables did not significantly change the effect size [30].
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Nontraumatic lower extremity amputation is a complication of PAD that is asso-
ciated with diabetes. Since 1990, the rates of amputation have declined significantly 
in patients with diabetes [20, 31, 32]. However, despite the declining overall ampu-
tation rate, this complication continues to be seen at higher rates in racial and ethnic 
minorities [31, 32]. In a study of Medicare patients with diabetes between 2002 and 
2012, it was found that major lower extremity amputation rate was 1.78 per 1000 
per year for Black patients, 1.15 per 1000 per year for Hispanic patients, and 0.56 
per 1000 per year for white patients (p < 0.001). In a separate analysis of Medicare 
patients with diabetes between 1999 and 2006, high-risk patients—those with end- 
stage renal disease or more than three comorbidities—contributed to a growing per-
centage of all amputations: 33% in 1999 and 50% in 2006 (p < 0.00) [31]. However, 
notably Black patients had the higher rates of amputations in both high-risk and 
low-risk groups [31].

Lower extremity amputation incidences varied among subgroups of Asian 
Americans [33]. In a prospective cohort study of patients enrolled in the Kaiser 
Permanente Northern California Diabetes Registry between 1996 and 2006, Chinese 
Americans were among the lowest incidence rates for first-time lower extremity 
amputation. Pacific Islanders, however, were among those with the highest age- and 
sex-adjusted incidence rates [33]. These results highlight not only the disparities in 
outcome for this life-altering complication but also highlight the need for careful 
subgroup analysis to better understand the scope of disease risk factors for different 
populations.

 Mortality

From 1999 to 2017, the death rate for heart disease decreased across the U.S. popu-
lation for all racial groups [26]. Non-Hispanic Black adults continue to have the 
highest age-adjusted death rates for heart disease [26]. In 2015, death caused by 
heart disease represented 23.5% of all deaths for non-Hispanic Black adults, 23.7% 
for non-Hispanic Whites, 21.4% for Asian-American or Pacific Islander, 20.3% for 
Hispanics, and 18.3% for American Indian or Alaska Natives [26]. Across the dif-
ferent racial and ethnic groups, the percentage of all deaths caused by heart disease 
was higher in men than in women [26].

 Race/Ethnicity Differences in Cardiovascular Risk Factors

Diabetes is associated with the development of cardiovascular and cerebrovascular 
diseases as discussed above [34–36]. This risk is magnified by high BMI [35], 
hypertension, and hypercholesterolemia [36].
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 Obesity

Obesity has a strong association with CVD. Based on data from the Framingham 
Heart Study, Fox and colleagues found that the lifetime risk of CVD over a 30-year 
period was significantly impacted by both diabetes and high BMI [35]. Among nor-
mal weight women without diabetes, the lifetime risk of CVD was 34.3% compared 
to 46.7% among women with obesity and without diabetes. Among women with 
diabetes, the 30-year risk of CVD was 54.8% in those with normal weight compared 
to 78.8% in those with obesity. Men as a whole had higher lifetime CVD risk; and 
a similar relationship with BMI and obesity was observed: 49.2% in normal weight 
men without diabetes, 66.8% in men with obesity and without diabetes, 78.6% in 
normal weight men with diabetes, 86.9% in men with obesity and diabetes [35]. See 
section “Body Mass Index and Fat Distribution” for discussion of racial and ethnic 
differences in the prevalence of obesity in the U.S.

 Hypertension

Hypertension is a risk factor for CVD as well as for the development of diabetic 
nephropathy and chronic kidney disease. In 2017, the American College of 
Cardiology/American Heart Association changed the hypertension guidelines to 
define stage I hypertension as systolic pressure ranging from 130 to 139 mmHg or 
a diastolic pressure ranging from 80 to 89 mmHg [37]. Based on this updated guide-
line, there was a significant increase in the prevalence of hypertension from 36% to 
estimates of 42–63% of the U.S. adult population [38–40]. Given the high preva-
lence of hypertension, it is important to recognize the significant racial and ethnic 
differences.

Using NHANES data from 2011 to 2016, Kibria and colleagues applied the new 
hypertension criteria for defining hypertension to the sample population [40]. Their 
analyses showed prevalence of hypertension was 46.9% in the overall population. 
The highest prevalence of hypertension was among non-Hispanic Blacks 59.0% 
(95% CI: 57.4–60.6%), compared to 46.1% (95% CI: 43.8–48.3%) among Mexican- 
Americans, 45.7% (95% CI: 44.1–47.3%) among non-Hispanic Whites [40]. This 
study did not include separate analyses for the prevalence of hypertension in non- 
Hispanic Asians or American Indian/Alaska Native population. According to the 
U.S. Department of Health and Human Services Office of Minority Health, in 2018, 
the age-adjusted percentage of American Indian/Alaska Native adults with hyper-
tension was 27.2% (compared to 24.0% in non-Hispanic Whites) [41]. However, 
some have argued that collection of data through national surveys likely leads to an 
underestimation of major diseases including hypertension and cardiovascular dis-
ease in the American Indian/Alaska Natives [42].

Non-Hispanic Asian Americans had been reported to have lower prevalence of 
hypertension compared to other racial and ethnic groups [4]. However, disaggregate 
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data shows significant heterogeneity among Asian subgroups, with some being 
among the population with the highest prevalence for hypertension. The New York 
City Health and Nutrition Examination Survey 2013–2014 found that the age- 
standardized prevalence of hypertension was 43.5% for non-Hispanic Blacks, 38% 
for Asians, 33% for Hispanic adults, and 27.5% for Whites [43]. In subgroup analy-
sis, hypertension prevalence was significantly higher in South Asian adults (43%), 
East/Southeast Asian adults (39.9%) and adults from the Dominican Republic 
(39.5%) [43].

Redefining hypertension has important implications in cardiovascular risk 
assessment. In the U.S., the pooled cohort equation is used for estimation of 10-year 
risk of developing atherosclerotic cardiovascular disease. The current model 
includes “African American” and “White” in the risk calculation but does not pro-
vide specific adjustments for Asian, Hispanics, or American Indian/Alaska Natives. 
The lack of racial and ethnic-specific risk assessment could lead to undertreatment 
of hypertension and underestimation of true atherosclerotic cardiovascular disease 
risk in certain populations [44].

See section “CVD Target Achievement” for discussion of racial and ethnic dif-
ferences in meeting CVD target achievements including blood pressure control.

 Dyslipidemia

High cholesterol is a risk factor for CVD and has been a target for both primary and 
secondary prevention. The Multi-Ethnic Study of Atherosclerosis (MESA) included 
6814 multi-ethnic adults from six U.S. cities: 38% non-Hispanic white, 28% black, 
12% Chinese, and 22% Hispanic [45]. They observed that highest total cholesterol 
concentrations were in non-Hispanic White women (201.3 mg/dL), while lowest in 
Black men (181.4 mg/dL); LDL cholesterol concentration was highest in Hispanic 
women (119.6  mg/dL) and again lowest in Black men (113.5  mg/dL) [45]. The 
prevalence of dyslipidemia was comparable among Black, Hispanic and non- 
Hispanic White adults. However, among those who had dyslipidemia, men were 
less likely than women to have controlled dyslipidemia; Black and Hispanic adults 
were less likely to be treated when compared to non-Hispanic White adults [45]. 
See section “CVD Target Achievement” for discussion of racial and ethnic differ-
ences in meeting CVD target achievements including management of 
hypercholesterolemia.

Racial and ethnic differences have been identified in analyzing the different com-
ponents of the lipid profile. Hispanic adults with dyslipidemia have been shown to 
have high prevalence of both elevated LDL-C and low HDL-C [46]. Non-Hispanic 
Black adults, on the other hand, have been shown to have low serum triglyceride 
levels and high HDL-C [47–49]. Elevated serum triglycerides are typically common 
in dyslipidemia and thought to contribute to metabolic syndrome, insulin resistance 
as well as other CVD risks factors. However, demographic differences in lipid pro-
file challenge this association and complicates our understanding of the risks for 
developing cardiovascular disease.
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Based on data from the Multi-Ethnic Study of Atherosclerosis (MESA), Lin and 
colleagues confirmed prior studies that showed that non-Hispanic Black men and 
women lower prevalence of elevated serum triglyceride levels compared to non- 
Hispanic white adults. However, among adults who did not have elevated serum 
triglyceride levels, non-Hispanic Black men and women had higher elevated fasting 
glucose levels than their non-Hispanic White counterparts [50]. Additionally, while 
serum triglycerides levels were associated with weight circumference in non- 
Hispanic White men and women as well as non-Hispanic Black men, no statistically 
significant association was seen in non-Hispanic Black women [50]. This finding 
has implications for both assessments of risk factors and effectiveness of interven-
tion efforts to improve cardiovascular health. Because measurements of serum tri-
glycerides and HDL-cholesterol are used as a part of assessment for cardiovascular 
health and metabolic syndrome, it is important to consider racial differences to 
more accurately approximate risk for different racial and ethnic groups [51].

 Race/Ethnicity Differences in Management of CVD Risk Factors

 Glycemic Control

Among adults with diabetes, racial and ethnic differences have been shown to sig-
nificantly impact glycemic control [52–55]. Hemoglobin A1c (HbA1c) has been 
accepted for the diagnosis of type 1 and type 2 diabetes in the adult population, and 
as a measure for diabetes control [56, 57]. Studies have shown that HbA1c signifi-
cantly varies by race and ethnicity, with Hispanics and non-Hispanic Blacks report-
ing higher HbA1c than non-Hispanic Whites [7, 52, 53, 55]. While other studies 
have cited inequities in healthcare access, the differences in glycemic control seem 
to persist even when controlling for medication adherence, education level, and 
health care access (Heisler, 2007 #78) [52, 58].

Hivert and colleagues examined how differences in genetic ancestry markers 
may affect HbA1c between Black and non-Hispanic White participants of the 
Diabetes Prevention Program [59]. They observed that Black participants had 
approximately 0.4%-unit higher HbA1c than the non-Hispanic White participants. 
The authors used principal component analysis (PCA) to determine if admixed pop-
ulations carry varying proportional contributions from ancestral populations from 
continents of Africa, Europe, and Americas. Their results found that the first PCA 
factor of genetic ancestry was associated with a large proportion of the HbA1c dif-
ference between Black and non-Hispanic White participants [60]. Therefore, there 
may be significant genetic variants in individuals of African descent that may influ-
ence HbA1c.

In addition to the observations of racial and ethnic disparities in HbA1c measure-
ments, studies have shown that the probability of reaching the HbA1c target over 
time varied by race [61]. Using the electronic health record at Cleveland Clinic, 
researchers identified patients with uncontrolled diabetes (HbA1c >9%) and 
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observed the change in HbA1c over the course of 1 year. In the subgroup of patients 
who achieved HbA1c <8%, a higher proportion were White (72.2% vs. 65.6%; 
P < 0.001) and non-Hispanic or Latino (92.0% vs. 89.8%; P < 0.004). This is con-
sistent with NHANES data from 1999 to 2010 showing that among adults ≥65 years 
of age who were diagnosed with diabetes, Hispanics were less likely to reach HbA1c 
<7% as compared to non-Hispanic Whites [52]. The difference in HbA1c goal 
attainment may be explained in part by inequities in access to diabetes care. Minority 
patients are less likely to receive the recommended diabetes care including routine 
HbA1c and annual cholesterol screening [17].

However, healthcare access does not resolve disparities in diabetes outcomes. 
Using data from the Surveillance Prevention and Management of Diabetes Mellitus 
cohort, American Indian/Alaska Native individuals in commercial integrated deliv-
ery systems were found to have similar rates of annual HbA1c screening when 
compared to non-Hispanic Whites [62]. However, the American Indian/Alaska 
Native individuals were significantly more likely to have HbA1c >9% and be less 
likely to take their diabetes medications as prescribed [62]. These findings led the 
authors to conclude that population-specific system-level barriers and facilitators 
need to be identified to address diabetes care [62].

Age is known to be an independent risk factor for increase in HbA1c, indepen-
dent of body mass index (BMI) [63]. According to the 2017 National Population 
Projections, all baby boomers will be older than 65 years of age by the year 2030, 
nearing a population of 77 million (, #82). Understanding racial and ethnic differ-
ences among our older population is therefore imperative for addressing glycemic 
control among those with diabetes. Using NHANES data from 2003 to 2014, a 
study found that the disparities in glycemic control persist with age: there was a 
statistically significant difference between non-Hispanic White and non-Hispanic 
Black adults ≥65 years of age (+0.5%; p = 0.043) as well as between non-Hispanic 
Whites and Mexican American adults ≥65 years of age (+0.4%; p = 0.006) [55].

Taken together, ethnic and racial minorities have higher HbA1c than non- 
Hispanic White counterparts. Additionally, the minority subgroups are less likely to 
achieve HbA1c goal over time. Unfortunately, recent studies show that these trends 
will persist as the population ages, which will have significant impact on our health 
care system as the incidence and prevalence diabetes continues to rise with the 
growing aging population in the U.S.

 CVD Target Achievement

In people with diabetes, blood pressure management and lipid control have been 
shown to reduce cardiovascular disease rates [64]. Therefore, in addition to recom-
mendations for HbA1c targets, the American Diabetes Association recommends 
targets for blood pressure <130/80 mmHg, LDL cholesterol <70 mg/dL and initia-
tion of statin therapy for individuals with diabetes of all ages who have atheroscle-
rotic CVD [65]. Racial and ethnic minorities have been shown to be less likely to 
meet these targets [34, 66]. In a study using NHANES data over three time periods: 
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2005–2008, 2009–2012, 2013–2016, Kazemian and colleagues found that achieve-
ment of CVD targets by race has not significantly improved over the past decade 
[34]. Hispanic individuals diagnosed with diabetes were less likely to be linked to 
care when compared to non-Hispanic Whites, and were less likely to achieve com-
bined HbA1c, blood pressure and LDL-cholesterol targets. Non-Hispanic Black 
individuals with diabetes were not less likely to be linked to diabetes care, but were 
nonetheless less likely to reach CVD target achievements [34].

Similar trends have been observed in the management of hypertension. In a study 
of patients with hypertension from 143 primary care clinics, Black women and men 
with hypertension were 1.18 (95% CI 1.07–1.30) and 1.20 (95% CI 1.05–1.34) 
times more likely to have uncontrolled hypertension when compared to White 
women and men [67]. The study also found that Black women and men with hyper-
tension and an indication for statin therapy were 1.23 (95% CI 1.05–1.45) and 1.25 
(95% CI 1.03–1.51) times more likely to not have an active statin prescription [67].

Statin therapy has been shown to be an important intervention for patients with 
atherosclerotic CVD [65, 68, 69]. Lower adherence to statin therapy was associated 
with increased risk of mortality in patients with atherosclerotic CVD [69]. 
Unfortunately, minorities have been consistently shown to have a lower adherence 
to statin therapy [66, 69, 70]. In an analysis of NHANES data among adults diag-
nosed with diabetes, authors Stark Casagrande and colleagues found the use of 
statins increased significantly during 1988–2010. However, the prevalence of 
Hispanic and Non-Hispanic Black individuals on statin therapy was less than their 
non-Hispanic White counterparts [66]. In 2015, the American Diabetes Association 
expanded statin therapy recommendation to include all adults with diabetes between 
40 and 75 years old. The updated recommendation guidelines have not yet been 
shown to have a significant impact on the proportion of patients receiving statin 
therapy [70].

It is important to highlight that a lack of disease awareness is likely to be contrib-
uting to the disparities in health outcome. Studies have shown that between 25 and 
50% of adults are not aware they had hypercholesterolemia [71, 72], and unaware-
ness was highest in Black individuals [71]. The Hispanic Community Health Study/
Study of Latinos found that among U.S. Hispanic/Latino adults with high choles-
terol, nearly half (49%) were not aware of the condition [73]. Younger age and men 
were more likely to be unaware of the diagnosis. Additionally, individuals of Central 
American and Cuban descent had among the lowest rates of being aware of the 
condition. In this study, less than one-third of those with high cholesterol were 
receiving treatment [73].

 Data on Diabetes and CVD by Gender

From estimates by the CDC, there is a higher prevalence of diabetes in men (14.0%) 
as compared to women (12.0%) [4]. A study using NHANES data showed that 
between 1976 to 1980 and 2007 to 2010, the prevalence of diabetes increased 
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significantly in both men (4.7–11.2%, p < 0.001) and women (5.7–8.7%, p < 0.001) 
[74]. However, after adjusting for age, race/ethnicity and body mass index (BMI), 
the increase in diabetes prevalence in men was halved (6.2–9.6%, p < 0.001) and the 
increase in prevalence in women was no longer significant (7.6–7.5%; p = 0.69) 
[74]. High BMI has long been associated with the development of metabolic syn-
drome and as an important risk factor for developing type 2 diabetes [74, 75]. For 
women, the change in BMI over time seemed to be the most important variable in 
estimates of diabetes prevalence [74].

CVD is a leading cause of death among women [12]. There is now an emphasis 
to better characterize sex-specific differences across a woman’s lifetime that may 
confer an increased risk for developing cardiovascular complications. For example, 
premature menarche is associated with increased CVD, whereas lactation has been 
associated with a lower risk for developing hypertension and metabolic dysfunction 
[76]. In the post-menopausal state, lower estrogen levels have been associated with 
vascular dysfunction, increased inflammation, and upregulation of renin–angioten-
sin–aldosterone system, all leading to an increased CVD risk [77].

Unfortunately, disparities in diabetes and diabetes-related comorbidities related 
highlight the intersectionality of race, ethnicity, and gender. In a study of mortality 
rates attributed to cardiometabolic diseases, Black women with diabetes, for exam-
ple, have a twofold higher age-adjusted mortality rate between 1999 and 2017 when 
compared to White women with diabetes [78]. Interestingly, although the age- 
adjusted mortality rate for hypertension increased in most sex-race groups in the 
study, Black women had an unchanged hypertension age-adjusted mortality rate 
[78], suggesting other less well-characterized mechanisms may be influencing the 
increased rate of mortality. Black men consistently demonstrated the highest age- 
adjusted mortality rate [78].

 Data on Diabetes and CVD by Sexual Orientation Group

The sexual minority—lesbian, gay, bisexual, transgender and queer or questioning 
(LGBTQ)—population in the U.S. is another marginalized group that experiences 
health disparities [79–83]. A Gallup poll estimates that in 2021, 5.6% of U.S. adults 
identify as LGBTQ [84]. Understanding the unique healthcare disparities faced by 
this group is important to addressing overall health in the U.S.

In 2020, the American Heart Association released a scientific statement address-
ing cardiovascular health in LGBTQ adults [79]. The authors proposed a conceptual 
model that posits that the stress related to minority sexual identity is the primary 
driver of LGBTQ health disparities [79]. The stressors can then impact psychoso-
cial factors (depression, anxiety), behavioral factors (tobacco use, poor diet qual-
ity), and physiological factors (increased inflammation), which all contribute to an 
increase risk for developing cardiovascular risk factors including diabetes [85].
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Studies have shown that diabetes and worse glycemic control is more common 
in sexual minority women than compared to heterosexual women, an effect that 
seems to be largely driven by high BMI [86]. Sexual minority women have been 
found to have an increased risk for obesity [82, 87–89]. Additionally, Hispanic les-
bian women had increased odds for having obesity and diabetes when compared to 
non-Hispanic White lesbian women. Sexual orientation differences in men have not 
been consistently shown to be associated with increased prevalence of diabetes [90]. 
However, Black sexual minority men have been shown to have higher HbA1c when 
compared to White heterosexual men [85]. Taken together, the studies suggest that 
the intersectionality of race and sexual orientation has an impact on cardiovascular 
risk factors.

The transgender population undergoing gender-affirming hormone therapy has 
been a point of focus in the understanding the development of cardiovascular risk 
factors and CVD. Transgender men undergoing female to male transition may take 
testosterone to induce virilization and progestins for menstrual suppression; trans-
gender women undergoing male to female transition may take estrogen for femini-
zation. In studies on aging in cis men and postmenopausal transition in cis women, 
sex hormones have been shown to affect body composition, metabolism, and car-
diovascular health [77, 91].

Among the transgender population, transgender women have been shown to 
have increased risk of CVD and a higher prevalence of diabetes [80]. One proposed 
mechanism is in the effect of feminization therapy on insulin sensitivity. In a study 
of transgendered adults before and after 1 year of gender-affirming hormone ther-
apy, insulin sensitivity decreased with feminization therapy in transgender women, 
but increased with masculinization therapy [92]. Transgender women on gender- 
affirming hormones have also been shown to have higher incidence of major cardio-
vascular events including venous thromboembolism, ischemic stroke, and 
myocardial infarction [93]. It is unknown how the effects of behavioral factors and 
environmental stress impact these risks, but further studies may help to elucidate 
modifiable risks for this particularly vulnerable population.

 Data on Diabetes and CVD in Immigrants in the U.S.

Immigrants have been a part of the history of the U.S. and continue to contribute to 
population growth. In 2019, international migrants represented 15.4% of the total 
U.S. population [1]. The health status among immigrants is complex, owing to the 
large heterogeneity of the immigrant population. Some have suggested that foreign- 
born individuals have better health profiles when compared to U.S.-born individuals 
despite fewer resources and higher socioeconomic risks—the “immigrant paradox” 
[94, 95]. In Hispanic immigrant population, studies have examined migration selec-
tion and the “salmon bias”—arguing that Hispanics tend to return to origin country 
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nearing the end of life and therefore are not included in the mortality statistics in the 
U.S. [96]—as a way to understand this paradox [94, 95, 97, 98]. However, the stud-
ies have not been able to fully explain the health outcome patterns.

More recent studies have examined the variable of underdiagnosis of disease to 
challenge the validity of the “immigrant paradox.” According to the CDC, of the 
34.1 million U.S. adults who met laboratory criteria for the diagnosis of diabetes, 
7.3 million (21.4%) did not report having the diagnosis or were not aware of it [4]. 
Hsueh and colleagues used NHANES 2011–2016 data and found that across differ-
ent racial and ethnic groups, being foreign-born had 48% increased odds of having 
undiagnosed diabetes (P < 0.001) [99]. Additionally, they found that immigrants 
were less likely to perceive the risk of diabetes and prediabetes [99], which may 
have significant implications for future health outcomes.

Even in individuals with known diagnoses, pharmacological treatments for dis-
eases vary depending on immigration status. Among those with diabetes, being 
foreign-born was associated with decreased odds of being treated with insulin [100]. 
Another study found that the immigrant population who were noncitizens had lower 
treatment rates of hypercholesterolemia, hypertension, and diabetes when com-
pared to U.S.-born and foreign-born citizens [101].

An important variable in addressing health care equity among immigrants is 
immigration status as it relates to access to health insurance and health care ser-
vices. Large-scale data on the health status of undocumented adults in the U.S. is 
limited as undocumented immigrants may be less likely to be included in data col-
lection or may overreport citizenship [101]. Studies inferring undocumented immi-
grant status—in which foreign-born participants report neither U.S. citizenship or 
legal residency—have tended to suggest poorer health outcomes related to lack of 
access, provider mistrust, underutilization of services and lower levels of self-care 
[101–103].

However, others have shown that the disparities may be influenced primary by 
access to health care services. Iten and colleagues analyzed data from Immigration, 
Culture and Health Care and compared the health experiences of documented 
Mexican immigrants, undocumented Mexican immigrants and U.S. born Mexican 
Americans with diabetes who sought care at safety-net clinics in sanctuary areas 
where immigration status is not ascertained [104]. They found the three groups not 
only had similar outcomes in glycemic control, lipid control, and systolic blood 
pressure, but also had no differences in physician communication [104]. This sug-
gests that if access to health can be achieved, foreign-born adults—either with docu-
mented or undocumented legal status—can achieve improved health outcomes.
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 Biological Factors That Impact the Difference in Risk 
and Disease

According to the Pediatric Diabetes Consortium Clinic Registry, 92% of the chil-
dren with type 2 diabetes had a positive family history of type 2 diabetes [11]. While 
the pathogenesis of type 2 diabetes is heterogeneous, the strong predisposition of 
family history has long raised the question of the contribution of biological and 
genetic factors.

 Body Mass Index and Fat Distribution

A high body mass index (BMI) is highly associated with the development of diabe-
tes and cardiovascular disease. The prevalence of BMI in the obese range (BMI 
>30.0) varies by race and ethnicity. From the 2017 to 2018 CDC data, the preva-
lence of obesity was highest among non-Hispanic Black (49.6%), followed by 
Hispanic (44.8%), non-Hispanic White (42.2%), and lowest in non-Hispanic Asian 
(17.4%) adults [105]. Although less data is available for American Indians/Alaska 
Natives, from the 2018 National Health Interview Survey, 48.1% of American 
Indian/Alaska Natives had BMI in the obese range, compared to 31% in Whites 
[106]. The overall prevalence of obesity was similar between men and women with 
the exception of non-Hispanic Black women whose obesity prevalence (56.9%) was 
notably highly than their non-Hispanic Black men counterparts [105].

Although obesity is a strong predictor of metabolic syndrome [107], obesity 
alone, however, may not explain the higher prevalence of diabetes in racial and 
ethnic minority groups. Non-Hispanic Black women, for example, have been found 
to develop diabetes at a higher BMI when compared to non-Hispanic White women 
[108]. In contrast, non-Hispanic Asian in the U.S. have been found to develop dia-
betes at lower BMI when compared to Whites as well as other racial and ethnic 
minority groups [109, 110]. This effect has been explained by differences in body 
fat distribution. Non-Hispanic Black women have a relatively higher subcutaneous 
adipose tissue and lower visceral adipose tissue have been associated in [108, 111, 
112], whereas non-Hispanic Asian women had higher visceral adipose tissue when 
compared to non-Hispanic Blacks and non-Hispanic Whites with similar BMI 
[113]. In 2015, the America Diabetes Association recommended the BMI cut point 
for diabetes screening in Asian-Americans to be BMI ≥23 kg/m2 (compared to BMI 
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≥25 kg/m2 in the general population) [110]. As the obesity epidemic rises among all 
groups in the U.S. [105], additional research is needed to better understand the 
physiological impact on the racial/ethnic minority population in order to provide 
tailor screening and treatment guidelines.

Young Hispanic adults with parental history of type 2 diabetes usually have insu-
lin resistance and endothelial dysfunction and vascular inflammation, particularly 
when they also have abdominal obesity [114]. Similarly, Hispanic children/adoles-
cents above their ideal body weight have been found to have insulin resistance and 
vascular dysfunction even when their blood glucose levels are normal [115]. All 
these findings call for early identification of individuals and families with over-
weight and obesity to implement diabetes and cardiovascular prevention programs.

 Glucose Metabolism

Studies have demonstrated racial and ethnic differences in glucose metabolism that 
may contribute to the increased risk for developing type 2 diabetes [8, 116]. Β-cell 
function and insulin sensitivity have been extensively studied in understanding the 
pathophysiology of type 2 diabetes. In a review by Aguayo-Mazzucato and col-
leagues, Hispanic populations have been found to be at higher risk for β-cell failure, 
leading to insulin resistance [8]. In animal models, insulin resistance has been 
shown to accelerate β-cell senescence and aging, which leads to the progression of 
diabetes [8].

In a meta-analysis of studies measuring insulin sensitivity, Kodama and col-
leagues found that populations with African ancestry had significantly lower insulin 
sensitivity [116]. Even among a multi-ethnic group of healthy individuals without 
diabetes in the U.S., racial and ethnic minorities were found to have reduced insulin 
sensitivity when compared to the White individuals. These effects had previously 
been seen in a hyperglycemic clamp study in prepubertal children without diabetes: 
Black children had lower insulin sensitivity index when compared to their White 
counterparts (p = 0.02) [117].

In addition to lower insulin sensitivity, studies have also shown ethnic differ-
ences in hepatic insulin clearance as early as childhood [118]. In a study of over 200 
children, aged 7–13 with mean BMI 19  kg/m2, it was found that the fractional 
hepatic insulin extraction was lower in Black children when compared to White 
children [118]. There were no significant differences in extra-hepatic insulin 

Y. E. Yuan and A. E. Caballero



1009

clearance (kidney, muscle) between the groups [118]. The causal relationship 
between hepatic insulin clearance and the development of diabetes is not yet fully 
elucidated. Insulin clearance by the liver is closely associated with hepatic glucose 
production and lipid content, which can contribute to glucose dysregulation and 
decreased insulin sensitivity [119].

Gender has repeatedly been shown as an important intersecting variable in the 
differences in glucose metabolism between racial and ethnic groups. Using the 
Atherosclerosis Risk in Communities (ARIC) study data, researchers found that 
non-obese Black women had higher fasting insulin levels than non-obese White 
women [120]. The Study of Women’s Health Across the Nation (SWAN) study in 
women without diabetes examined ethnic differences in glucose metabolism using 
homeostasis model assessments of insulin sensitivity and beta-cell function. They 
found that insulin sensitivity was lower in non-Hispanic Black women when com-
pared to non-Hispanic White women even after correcting for waist circumfer-
ence, impaired fasting glucose and other social and behavioral factors [121]. 
Additionally, the results showed East Asian women (Chinese-and Japanese-
Americans) had lower levels of beta-cell function when compared to non-Hispanic 
White women after adjusting for covariates [121]. The authors argued that the 
results suggest diabetes prevention strategies should consider ethnic background 
to target decreased insulin sensitivity and beta-cell function in certain minor-
ity groups.

 Genetics

In the past two decades, significant research has focused on better understanding the 
genetic underpinnings of type 2 diabetes and how genetic differences may contrib-
ute to the racial and ethnic disparities. With the availability of common variant 
genome-wide association studies, more than 200 genetic variants associated with 
type 2 diabetes have been identified [122, 123]. Although the majority of GWAS 
analyses have focused on individuals of European ancestry, highlighted here are the 
diabetes-associated SNPs that have been identified in racial and ethnic minority 
populations (Table 35.2). It is unclear to what degree these genetic differences con-
fer risk for developing diabetes. However, better understanding of the susceptibility 
genes of diabetes could be an important step toward providing better patient- 
centered and equitable care.
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Table 35.2 Diabetes-associated SNPs identified in non-European populations

At risk group Trait GENE SNP References

African Ancestry T2DM TCF7L2 rs7903146 [124]
KCNQ1 rs231356

rs2283228
[124]

HMGA2 rs343092 [124]
HLA-B rs2244020 [124]
INS-IGF2 rs3842770 [124]

T2DM-ESRD RBM43
RND3

rs7560163 [125]

SLC44A3
F3

rs7542900 [125]

RYR2
MTR

rs4659485 [125]

GALNTL4
LOC729013

rs2722769 [125]

TMEM45B
BARX2

rs7107217 [125]

Fasting insulin SC4MOL rs17046216 [126]
Insulin resistance TCERG1L rs7077836 [126]

Mexican Ancestry T2DM UBQLNL/OR52H1 rs979752 [127]
RORA rs7164773 [127]
LINGO2 rs981864 [127]
CSN3 rs3775745 [127]
HTR4/ADRB2 rs1833714 [127]
RALGPS2 rs2773080 [127]
EGR2 rs1509957 [127]
RALGPS2/ANGPTL1 rs3922812 [127]
LCORL/NCAPG rs10516322 [127]
UTRN rs6929370 [127]

T2DM, low HDL-C ABCA1 rs9282541 [128]
MetS, low HDL-C SIDT2 rs1784042 [129]

Mexican Ancestry
Latin American 
Ancestry

T2DM SLC16A11 rs13342691 [130]

Latin American 
Ancestry

T2DM TCF7L2 rs7903146 [131]
KCNQ1 rs2283228 [131]

American Indian 
Ancestry

T2DM DNER rs1861612 [132]
TBC1D4 rs7330796 [133]
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Table 33.2 (continued)

At risk group Trait GENE SNP References

East Asian Ancestry T2DM GLIS3 rs7041847 [134]
PEPD rs3786897 [134]
FITM2-R3HDML- 
HNF4A

rs6017317 [134]

KCNK16 rs1535500 [134]
MAEA rs6815464 [134]
GCC1-PAX4 rs6467136 [134]
PSMD6 rs831571 [134]
ZFAND rs9470794 [134]
KCNQ1 rs2237892 [135]
PAX4 rs10229583 [136]
UBE2E2 rs7612463 [137]
C2CD4A–C2CD4B rs1370176

rs1436953
[138]

NKX6–3 rs33981001 [139]
ANK1 rs62508166 [139]

South Asian 
Ancestry

T2DM VPS26A rs1802295 [140]
HMG20A rs7178572 [140]
AP3S2 rs2028299 [140]
TMEM163 rs6723108

rs998451
[141]

RAB3GAP1 rs6730157 [141]
T2DM
Insulin sensitivity

GRB14 rs3923113 [140]

T2DM
Pancreatic beta-cell 
function

ST6GAL1 rs16861329 [140]
HNF4A rs4812829 [140]

T2DM type 2 diabetes mellitus, MET-S metabolic syndrome, HDL-C high-density lipoprotein-C

 Social, Psychological, and Cultural Factors in Diabetes 
and CV Care

 Social Determinants of Health

The social determinants of health (SDOH) are the conditions in which people are 
born, grow, live, work, and age. These circumstances are shaped by the distribution 
of money, power, and resources at global, national, and local levels. The social 
determinants of health are mostly responsible for health inequities—the unfair and 
avoidable differences in health status seen within and between countries [142]. 
SDOH are known to contribute to health disparities in diabetes and cardiovascular 
care [10, 143–146]. Minority populations disproportionately face challenging 
SDOH, which contribute to the disparities in the prevalence, management, and out-
comes in diabetes and cardiovascular care [147].
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Hills-Briggs and colleagues recently reviewed the different social determinants 
of health as they relate to the management and progression of diabetes [148]. In this 
paper, they focus on five social determinants of health: socioeconomic status, neigh-
borhood and physical environment, food environment, health care, and social con-
text as all relating to the health outcomes in people with diabetes [148].

Socioeconomic status is a strong predictor of the development and progressions 
of disease, including diabetes and other risk factors for CVD.  Education status, 
closely related to socioeconomic status has been shown to be related to the preva-
lence of diabetes. The National Diabetes Statistics Report 2020 from the CDC 
reports that 13.3% of U.S. adults with less than a high school education had diabe-
tes, compared to 9.7% in those with a high school education level and 7.5% in those 
with more than a high school education [4]. The effect of education on diabetes 
appear to span across generations. From Pediatric Diabetes Consortium Clinic 
Registry, 70% of the children with type 2 diabetes had parents with a high school 
education or less [11].

Low education level relates to lower income, which has been a strong predictor 
of diabetes onset, worse glycemic control, and higher association with cardiometa-
bolic risk factors in both adults and children [10, 11, 145, 149, 150]. In a study of 
2662 individuals with self-reported diabetes, difficulty paying bills was indepen-
dently associated with an increase in HbA1c over time both before and after adjust-
ing for demographic variables [149].

Environmental conditions, such as the built environment, have also been cited as 
a contributor of healthcare disparities [151]. The built environment has been referred 
to as the characteristics physical space in which people inhabit: “walkable” neigh-
borhoods, open spaces, infrastructure, access to essential resources [146, 151]. 
Studies on neighborhood walkability and access to green space have not had a clear 
association with the incidence and prevalence of diabetes in the U.S.  However, 
availability of and access to healthy food options has been shown to decrease the 
risk of obesity and type 2 diabetes [152].

The food environment (food insecurity, food access, food availability, and food 
affordability) has important implications in people’s lifestyle. Food insecurity has 
been closely linked to higher obesity, type 2 diabetes and cardiovascular disease 
rates and negatively impacts mental health [153]. Intervention to improve nutri-
tional habits among racial/ethnic minorities must consider cost and address cultural 
and social factors [154].

Health care access is certainly a crucial factor that influences diabetes and car-
diovascular disease disparities [148]. Racial and ethnic minorities usually have 
lower access to health care services. Although it is true that health care access has 
gradually improved in the U.S., the gap between the mainstream white population 
and other groups still exists [8]. The cost of medications to people with diabetes and 
cardiovascular disease represents a huge burden to many of them. Even if patients 
have health insurance coverage, the out-of-pocket expenses related to the medica-
tions that are often prescribed to them may be insurmountable. In fact, people with 
diabetes may not adhere to their treatment plans in order to save money and redirect 
it to food or other living expenses [155].
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The overall social context where people live is fundamental in determining peo-
ple’s health status. Specific terms have been used to address some particular aspects: 
social capital—the features of social structures that serve as resources for collective 
action (e.g., interpersonal trust, reciprocity norms, and mutual aid); social cohe-
sion- the extent of connectedness and solidarity among groups in a community; 
social support—the experiences in individuals’ formal and informal personal rela-
tionships as well as their perceptions of those relationships. Taken together, emo-
tional support, tangible support, informational support, and companionship [148] 
can all influence the development and progression of diabetes and cardiovascular 
disease.

 Psychological Factors

There is a strong association between diabetes and depression [156–159]. In a study 
of older adults (age 67–90 years old), the prevalence of current depressive symp-
toms was found to be high in those with diabetes (11%) as compared to those with-
out diabetes (5.4%; prevalence ratio 2.04, 95% CI 1.60, 2.48) [156]. However, 
depression can affect adherence to diabetes management plans and be associated 
with worse glycemic control and diabetes-related complications [159, 160]. In 
minority youths, life stressors have been associated with higher HbA1c [10].

The bidirectional link between diabetes and depression is multifactorial and 
likely influenced by the social, biological, and cultural factors. However, it is impor-
tant to note that while having either diabetes or depression have disease-related 
complications, but those with both diabetes and depression can experience a func-
tionally limiting burden of disease. In a study of Black Americans in the Jackson 
Heart Study, Kalyani and colleagues found that having diabetes and depression was 
associated with increased functional disability than those with only diabetes or 
depression [157]. Depression is a commonly missed diagnosis [161], but studies 
demonstrate the importance of appropriate screening for intervention and preven-
tion of both worse diabetes outcomes and functional disability. Recent research 
highlights the role of moderate intensity exercise and decrease in sedentary behav-
ior can decrease the occurrence of depression in adults with diabetes and obe-
sity [162].

 Culture Aspects

Culture alludes to beliefs, behavior patterns, and all other products of human thought 
and work in a certain community [163]. Health care providers and patients with 
often very distinct cultures interact in clinical encounters without fully understand-
ing each other in many ways. Language concordance  does not guarantee under-
standing. The lack of understanding an be bi-directional. Health care professional 
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do not fully understand (and sometimes respect) patients’ points of view and cul-
tural habits and vice versa.

Respecting our cultural differences is essential for a meaningful and productive 
interaction with each other. Cultural competence (awareness) alludes to health care 
providers’ knowledge and skills to understand, respect, appreciate, and interact with 
patients from cultures other than their own [164, 165].

People with diabetes and cardiovascular disease may have particular views on 
their own body weight, fears to particular medications and a whole host of personal 
views on treatment interventions that influenced by personal and cultural factors 
[166, 167].

Establishing a good patient–provider communication is key to help patients 
improve diabetes and cardiovascular self-care behaviors [168]. Being genuinely 
curious and interested in patients’ points of view about their own health is extremely 
important. Respecting their ideas and values is necessary in order to fully engage in 
a meaningful interaction with them.

 Conclusions and Recommendations

There have been fascinating scientific advances in the fields of diabetes and cardio-
vascular disease in the last several decades. We practice medicine in an era where 
there is enhanced understanding of the pathophysiology of these conditions and 
their impact on different populations. We also have better prevention and treatment 
strategies that have helped reduce the burden of these conditions over time.

However, these improvements have not impacted populations in the same way. 
Unfortunately, racial/ethnic minorities, individuals with lower socio-economic sta-
tus and education levels in the U.S. and around the world have lagged behind in 
their diabetes and cardiovascular disease care. Multiple factors on the patient, health 
care provider, and health care system domains have long contributed to the subopti-
mal care provided to these groups. Deep understanding of the complex interactions 
of these three crucial areas is necessary in order to develop and implement effective 
and sustainable prevention and treatment programs that address the needs of these 
populations.

There is an overwhelming need to improve the way in which we provide diabetes 
and cardiovascular disease care to people affected by these two important and 
closely related conditions. The traditional biomedical model implemented in clinics 
and hospitals has fallen short in improving the lives of most people with metabolic 
and cardiovascular diseases [169]. We are at a crucial time when we need to think 
“outside the box” and fully integrate the evaluation of psychological, social, and 
cultural factors in routine clinical care and create more comprehensive prevention 
and treatment programs that address them.

Combining the fascinating latest scientific information in the field of diabetes 
and cardiovascular disease with practical, realistic and feasible strategies in the 
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prevention and management of these conditions in vulnerable populations is neces-
sary in order to better achieve treatment targets in these communities [170].

The current COVID-19 pandemic has helped us all realize that not being able to 
see patients in the clinic or hospital and having to increase the contact time with 
them through virtual communication may not be as ineffective as we initially 
thought. In fact, it has become a great opportunity to address many important clini-
cal points when people are at home, in their own community. Returning to the tra-
ditional model of only “seeing” patients in the clinic or hospital may not be ideal. 
Instead, incorporating telemedicine and virtual contact with people affected by dia-
betes and cardiovascular disease may prove to be a significant improvement in the 
quality of care we provide to our communities. Certainly, not all individuals have 
equal access to telemedicine- and technology-dependent communications. This area 
needs to be improved at a societal level [171].

Improving the lives of all people in our society regardless of race/ethnicity, gen-
der, sexual orientation and many other factors is not only the right thing to do, but 
rather it is the way to grow as individuals, as health care professionals, and collec-
tively, as a society.
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Chapter 36
Diabetes and COVID

Magdi Zordok and Michael Johnstone

 Introduction

In December 2019, the news of a novel form of pneumonia observed in Wuhan, 
China made headlines. The new form of pneumonia was dubbed Corona Virus 
Disease 2019 (COVID-19), and the severe acute respiratory syndrome coronavirus-
 2 (SARS-CoV-2) virus was isolated from lower respiratory tract samples. The World 
Health Organization (WHO) reported the first cases of COVID-19 to be linked to a 
livestock market in Wuhan [1]. The SARS-CoV-2 virus had some similarities to the 
bat coronavirus, and bats were thought of as a possible reservoir [2]. The human-to- 
human transmission was established, as the number of patients continued to grow 
with no evidence of exposure to the wildlife market in Wuhan [3]. Later on, and in 
March 11, 2020, COVID-19 was labeled a pandemic.

The USA had its first confirmed case on January 31, 2020. The index patient was 
a 35-year-old male who just returned to the US after visiting his family in Wuhan, 
China [4]. With an excess of 47 million cases (around 18% of the world’s COVID-19 
cases) and more than 760,000 deaths as of November 16, 2021, the US has become 
the global epicenter for the pandemic [5] (Table 36.1).

Among patients with higher rates of mortality and morbidity, a constellation of 
comorbidities was reported. This includes diabetes, cardiac disease, hypertension, 
history of malignancy or renal disease, and chronic obstructive pulmonary disease 
(COPD). These comorbidities not only increased the risk of patients to develop 
COVID-19 pneumonia but were also associated with higher risk for death [6]. In this 
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Table 36.1 Percentage of patients with obesity and diabetes in the general population and in 
different degrees of severity of COVID-19

General 
population 
(%)

COVID-19 
+ve total 
positive (%)

COVID-19 
+ve with not 
severe disease 
(%)

COVID-19 +ve with severe disease 
(%)

Hospitalized

Require 
ICU 
admission Mortality

Obesity
   China 6.2 – – 22.0 25.5–27.0 88.2
   France 21.6–25.8 – – – 47.6 –
   United 

States
34.0–42.4 – 14.4 14.0–53.7 19.0–45.7 –

Diabetes
   China 9.2–10.9 2.0–22.0 4.5–11.0 7.4–19.0 13.8–34.6 7.3–31.0
   Italy 5.0–9.0 33.9–35.5 – – 17.0 33.9–

35.5
   Spain 6.9 – – – – 12.0
   United 

States
9.8–10.8 5.4–10.9 5.3–24.0 15.0–37.8 58.0 –

Adapted from Mechanick JI, Rosenson RS, Pinney SP, Mancini DM, Narula J, Fuster V. Coronavirus 
and Cardiometabolic Syndrome: JACC Focus Seminar. J Am Coll Cardiol. 2020;76(17):2024–35 [8]

chapter, we study the role of diabetes in orchestrating a cascade of events in conjunc-
tion of other risk factors that culminate to worse outcome in patients with COVID-19.

 Risk Factors

A team of researchers from the UK conducted a large-scale study of the relationship 
of different comorbidities with diabetes and the effect on mortality. In this study, 
diabetic patients of male sex, old age, prior history of kidney disease, stroke, and 
heart failure, as well as patients of non-white ethnicity, and low socioeconomic 
status had increased mortality [7].

As for the increased incidence in the nonwhite ethnicities, non-biological factors 
were more likely incriminated and rather lifestyle and socioeconomic factors. In 
socioeconomically disadvantaged population groups, overcrowded housing as well 
as well as higher rates of exposure with employment in jobs that require greater 
human interactions result in greater transmission. Interestingly though, a study in 
countries from southeast and southern Asia including India, Bangladesh, and 
Pakistan showed lower than expected mortality in patients with diabetes who devel-
oped COVID-19 which would suggest that there might be other geopolitical and 
climate factors that affect virus transmission [5].

Metabolic syndrome in concert of COVID-19 results in a coronavirus disease- 
related cardiometabolic syndrome (CIRCS). Patients with acute CIRCS have worse 
disease outcome with higher inflammatory cytokine levels, hypercoagulability, 
severe insulin resistance, as well as other evidence of end-organ disease/failure. The 
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figure below was adapted from a literature review by Mechanick et al. It compares 
the percentages of patient with obesity and diabetes in the general populations from 
the countries within which the individual data was compiled, to patients with 
COVID-19 within the same countries. It further breaks down the analysis to differ-
ent degrees of severity of COVID-19 [6].

Within the first week of infection, patients with COVID-19 have a mild picture 
of the disease with constitutional symptoms; however in susceptible hosts, the dis-
ease can progress over the following weeks to a severe picture with multiorgan 
failure. This pattern was noticed primarily in patients >60 years of age, and the pres-
ence of initial signs of organ damage as depicted by lymphopenia, or elevated levels 
of C reactive protein (CRP), d-dimer, interleukin (IL)-6, troponin-I, and lactate 
dehydrogenase (LDH) [7].

 Potential Interplay of Diabetes in the Pathophysiology 
of COVID-19

SARS-CoV-2 enters cells through the ACE2 receptor. In the human body, the ACE2 
receptors are expressed in type II alveolar, myocardial, ileal epithelial, renal proxi-
mal tubules, bladder urothelial, liver, as well as endothelial cells [9, 10]. Binding of 
a viral glycoprotein to ACE2 receptor is followed by receptor-mediated endocyto-
sis, whereby the virus is internalized into the cell by an endosomal compartment. 
Subsequently, cathepsin L activates viral (S) glycoprotein, and thereafter viral 
membrane fusion with releases of ssRNA out of the endosome. Proteolytic cleavage 
of the viral (S) protein by the Transmembrane Serine Protease 2 (TMPRSS2) prote-
ase on the surface of cells can be an alternative route, through which viral ssRNA 
can be released directly into the host cytoplasm [11]. In patients with diabetes, 
glycosylation of the viral spike protein enhances viral binding and subsequent entry 
into the cells [12].

The infected cells undergo either apoptosis or necrosis, which in turn activates an 
inflammatory response, with further recruitment of inflammatory cells, including 
CD4+ and Th1. SARS-CoV-2 hence moves to the next phase of infecting circulating 
CD3, CD4, and CD8 T-cells. The infected cells undergo a process of apoptosis with 
ensuing lymphocytopenia [13, 14]. Studies suggested that diabetes is among the 
factors that reduced viral clearance from the body [15] (Fig. 36.1).

In patients with diabetes mellitus (DM), there is an increased expression of 
ACE2 which predisposes to higher risk of infection or more severe form of 
COVID-19 [17]. Abu Saleh and others also noted that patients with type 2 diabetes 
had higher levels of renin and lower levels of angiotensinogen at baseline, and that 
normalization of glucose level did not seem to improve the renin-angiotensin sys-
tem (RAS) proteins [18]. In patients with COVID-19, elevated levels of Ang II cor-
related with worse outcomes with greater degrees of lung injury, due to ventilation/
perfusion mismatch caused by pulmonary vasoconstriction, and oxidative damage 
[19, 20]. The baseline elevated level of Ang II in patients with DM would thus pre-
dispose to more severe lung injury in patients with COVID-19.
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SARS-CoV-2 Virus

Receptor mediated endocytosis

TMPRSS2

Direct viral entry

Increased ACE2 expression

Endosome
virus

ssRNA

virus
ssRNA

Cathepsin L

Reduced viral clearance with
worse outcomes

Fig. 36.1 SARS-CoV-2 can enter host cells via endocytosis or directly. In diabetic patients, there 
is a greater expression of the ACE2 receptor as well as reduced viral clearance that result in poor 
outcome. (Adapted from Mahmoud IS, Jarrar YB, Alshaer W, Ismail S. SARS-CoV-2 entry in host 
cells-multiple targets for treatment and prevention. Biochimie. 2020;175:93–8 [16])

Patients with obesity have dysregulation of the immune system with an impaired 
leptin/adiponectin ratio as well as lipotoxicity [21, 22]. In this subset of patients, 
there is also an imbalance between the ACE2-Ang-[1-7]-MAS, and the ACE-Ang 
II-AT1 axis. The ACE2/Ang-[1–7]/Mas axis has anti-inflammatory effects imped-
ing leukocyte migration, cytokine expression, and the activation of fibrogenic path-
ways. This is contrary to the pro-inflammatory effects seen with the activation of the 
Ang II pathway, whereby inflammation and fibrosis are promoted with a cascade of 
events that result in calcium mobilization, free radical production, as well as recruit-
ment of inflammatory cells [23, 24]. The cohort of diabetic patient with obesity was 
found to have risk for more severe COVID-19 and higher rates of mortality [25, 26]. 
Patients with a BMI >35 had at least a seven times greater risk for invasive mechani-
cal ventilation [27]. Obesity and diabetes are both conditions that increase thrombo-
sis, and in patient with COVID-19, higher rates of disseminated intravascular 
coagulation (DIC) and deep venous thrombosis (DVT) were reported [28, 29] 
(Fig. 36.2).

On the other hand, β-cells damage of pancreas by the virus can potentially lead 
to insulin deficiency. This theory can be used to explain a finding by Huang and his 
team who evaluated COVID-19 patients who required inpatient level of care, 
6 months after discharge. In this cohort of over 1700 patients, 58 were found to have 
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Infection with SARS-CoV-2

NK cells≠ Inflammatory cytokines ≠ ROS & IL-6 ≠ RAAs and & angiotensin II

≠ Insulin resistance

≠Cardiovascular morbiditiy

≠Risk for thromboembolic events and DIC

≠ Blood viscosityVascular endothelial damageHyperglycemia

≠ Fibrinogen and D-dimer

Lung fibrosis

Risk for cardiac and all-cause mortality 

�Vascular/interstitial permeability

ARDS

Fig. 36.2 Pathogenesis of infection of COVID-19 in patients with diabetes. Infection with SARS- 
CoV- 2 leads to an increased production of inflammatory cytokines, a change in the natural killer 
(NK) cells activity (either increased or decreased), increased production of reactive oxygen species 
(ROS) and interlukin-6 (IL-6), increased activation of the renin–angiotensin–aldosterone system 
(RAAS) as well as increased fibrinogen and d-dimer production. These events result in a cascade of 
events that lead to increased insulin resistance and vascular permeability as well lung fibrosis. This 
in turn lead to an increased risk for cardiovascular morbidity and higher risk of thromboembolic 
events. The events highlighted are ones that are accentuated in patients with diabetes infected with 
SARS-CoV-2. (Adapted from Lim S, Bae JH, Kwon HS, Nauck MA. COVID-19 and diabetes mel-
litus: from pathophysiology to clinical management. Nat Rev Endocrinol. 2021;17(1):11–30 [30])

newly diagnosed diabetes based on HbA1C measure [31]. Β-cell damage in 
COVID-19 patient can exacerbate pre-existing diabetes, with severe diabetic keto-
acidosis (DKA) being present at the time of presentation, or whereby the patient’s 
insulin requirement is significantly increased [32].

 Multiorgan Failure in Patients with Diabetes and COVID-19

Diabetes causes an inhibition of neutrophil chemotaxis and phagocytosis. 
Intracellular oxidation of antigen-presenting cells causes an imbalance of the Th1 
cells, which causes a cascade of events leading to a hyperinflammatory response [33].

Overt hyperglycemia in patient with poorly controlled diabetes causes glycosyl-
ation and subsequent dysfunctional immunoglobulins production [34]. This 
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dysfunction would, in turn, lead to the body’s inability to clear bacteria or viruses 
and hence, causing a more severe form of infection [35].

Kulcsar and others studied the response of diabetic patients to MERS-CoV using 
mice models. In the study, the infection was induced by expressing the dipeptidyl 
peptidase 4 (DPP4) receptor for viral entry, and diabetes was elucidated by admin-
istering a diet high in fat contents. The infected mice were seen to have a more 
severe form of the disease with worse outcomes and slower recovery. They were 
found to have an abnormal immune response with fewer macrophages and CD4+ 
T-cells, along with decreased levels of TNF-α, IL-6 but a higher level of IL-17a 
indicated blunted response [36].

More than a third of 5700 patients with COVID-19 studied in New York were 
found to have diabetes [37]. Diabetics were found to have worse outcomes with 
longer lengths of stay, higher chance of ICU admissions, and higher death rates 
especially in patients with poorly controlled diabetes and elevated HbA1C >8% [38, 
39]. COVID-19 itself was also noted to worsen diabetic control inducing diabetic 
ketoacidosis (DKA), hyperosmolar hyperglycemic state (HHS), or severe insulin 
resistance [40] (Fig. 36.3).

Immune Dysfunction
Impaired function of Tlymphocyle and subpopulations

Cardiometabolic disease

Hypertension

Hight LDL Cholesterol

Hight Triglycerides

Low HDL Cholesterol

Pulmonary Function

Heart Disease

Kidney Disease

Endothelities

Hypercoagulability

Inflammation

×¯ERV,FC, and RSC

×¯Diaphragmatic excursion and pulmonary function

×Impaired ventilation

×¯Oxygen-saturated blood levels

×HFpEF

×Cardiomyopathy

×Increased risk for AF

×Podocyte hypertrophy end dysfunction

×¯Podocyte density and number

×Glomerular hypertrophy and capillary hypertension

×Glomerulomegaly

×Glomerulosclerosis, proteinuria, and ESRD

×¯EGFR and ERPF; �FF

×Apoptosis-related endothelial dysfunction

×lmbalance in vasodilatory and vasoconstricting agents

×Prothrombotic and proatherogenic state

×Platelet hyperactivation, enhanced leukocyte adhesion

×Vasoconstriction, pro-oxidation, and vascular inflammation

×Impaired hemostasls, atherosclerosis. and thrombosis×Adipocytokines and coagulation factors huperactivity

×¯Fibrinolysis

×�Inflammation, oxidative stress, and endothelial dysfunction

TNF-α, and IL-6

Fig. 36.3 Potential complications of the combination of diabetes in patients with coronavirus 
disease 2019 (COVID-19) infection. AF atrial fibrillation, eGFR estimated glomerular filtration 
rate, ERPF effective renal plasma flow, ERV expiratory reserve volume, FC functional. (Adapted 
from Sanchis-Gomar F, Lavie CJ, Mehra MR, Henry BM, Lippi G.  Obesity and Outcomes in 
COVID-19: When an Epidemic and Pandemic Collide. Mayo Clin Proc. 2020;95(7):1445–53 [41])
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 Endothelial Dysfunction

Endothelial cells have antioxidant properties whereby they produce superoxide dis-
mutase that protects against reactive oxygen species, and glutathione peroxidases 
that decreases effects of oxidative stress [42, 43]. In diabetics, these defense mecha-
nisms are disrupted leaving the endothelium prone to oxidative stress and subse-
quent damage and endothelial dysfunction [44, 45]. In patients with endothelial 
dysfunction, the occurrence of hypoxia favors intravascular coagulation. Postmortem 
studies found changes in the pulmonary vasculature as well as evidence of near total 
occlusion of the alveolar capillaries and the bronchial vasculature along with severe 
diffuse thrombosis with near occlusion of the alveolar capillaries [46, 47]. Another 
study retrospectively assesses diabetic patients who did not survive during hospital-
ization for COVID-19 and found longer prothrombin times and higher levels of 
d-dimer than in survivors [48].

The damage would culminate in the loss of integrity of the semipermeable endo-
thelium and lead to capillary leak into the extracellular space. In patients with 
COVID-19, this damage is augmented with the excessive production of cytokines 
such as IL-1α and IL-1β, IL-6, and TNF-α, in what is known as the cytokine storm. 
That same surge of cytokines also tips the coagulation/anticoagulation ecosystem of 
the endothelial cells toward prothrombotic spectrum. The thrombosis observed was 
not only in the pulmonary endothelium, but a more global effect on the peripheral 
veins and arteries of the body ranging from “COVID toes” seen with the affection 
of microvasculature to cerebrovascular strokes [49].

One hypothesis for the multiorgan disease in patients with COVID-19 suggested 
by Varga and others was endothelial injury and endotheliitis in several organs, due 
to effect on the microcirculation various vascular beds. Among patients who were 
notably more susceptible were diabetics along with patients with hypertension, obe-
sity, and cardiovascular disease [50].

The endothelial dysfunction results in a relative reduction in the anticoagulant 
factors released, including nitric oxide and prostacyclin. The decrease of nitric 
oxide level impedes the ability to modulate prothrombotic factors which may be 
upregulated, notably tissue factor. These prothrombotic factors conspire to increase 
the likelihood of developing pulmonary arterial thrombosis.

 Management of Diabetes in Patients with COVID-19

Diabetes is most often associated with other comorbidities from the metabolic syn-
drome namely hypertension and dyslipidemia. It is therefore prudent that a discus-
sion of the management of diabetes also involves treatment options of blood pressure 
and hyperlipidemia, and to discuss the possible interactions in the setting of 
COVID-19.
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In patients with diabetes who are treated with ACE inhibitors (ACEi) and angio-
tensin II, the expression of ACE2 is increased due to an upregulation of ACE2 [51]. 
It was therefore suggested that this cohort of patients has a higher risk of acquiring 
COVID-19 infection by accelerating the viral entry into the host cells [52]. Several 
studies tested this hypothesis failed to find a relationship of the use of ACEi and in- 
hospital death or severe disease outcome [53, 54]. It was though the ACE2 is not a 
target of ACEi due to structure differences with ACE [55]. For these reasons it was 
recommended by the American College of Cardiology, American Heart Association, 
and the European Society of Cardiology to continue the use of ACEi and ARBs in 
patients who were already on the therapy [56–58].

To help establish preliminary guidelines for the management of diabetes in 
patients with COVID-19, a panel of experts published their recommendations based 
on literature review and observations from clinical practice [26].

Primary prevention was emphasized in patients with diabetes who did not have 
signs or symptoms of COVID-19 infection. The aim of primary prevention is to (1) 
intensify the control of the blood glucose level, (2) tight control of associated blood 
pressure and lipid profile given the high prevalence of metabolic syndrome, and (3) 
reduce the risk of infection to SARS-CoV-2 by practicing social distancing and 
hand hygiene. Patients should be followed closely for symptom development and 
utilize telemedicine as to reduce exposure.

As in primary prevention, a very strict control of the blood glucose level, blood 
pressure, and lipid profile control were recommended for diabetic patients who 
developed COVID-19 and required hospitalizations (Fig. 36.4).

For blood pressure control, patients who were initially on ACE inhibitors or 
angiotensin II receptor blockers should continue the regimen, as supported by the 
American College of Cardiology, American Heart Association, and the European 
Society of Cardiology [58–60]. Statin therapy is to be continued not only for the 
effect on lowering low-density lipoproteins but also for their anti-inflammatory 
effect and the risk of rebound increases of IL-6 that subsequently can induce a cyto-
kine storm, where they to be stopped abruptly [61, 62].

Furthermore, the report highlights some major consideration for the use of anti-
diabetic drugs in patients with COVID-19 (Table 36.2). The occurrence of lactic 
acidosis or diabetic ketoacidosis in patients on metformin or SGLT-2 (sodium–glu-
cose cotransporter- 2) inhibitors, even if was rarely reported, has thus led to discour-
aging their use especially in patients with severe forms of COVID-19 (Table 36.3). 
The discontinuation, however, was not recommended in the outpatient setting when 
there are no clinical signs or symptoms indicating severe COVID-19. Despite the 
debate of the involvement of the DPP-4 enzyme in the pathogenesis of COVID-19, 
there is not enough evidence to justify the discontinuation of DPP-4 inhibitors in 
patients with COVID-19 [32] (Table 36.3).

SGLT-2i have received high praise as antidiabetic drugs for their action in reduc-
ing the risk of death and worsening heart failure in patients with and without diabe-
tes, as well as the progression of kidney disease and onset of AKI (acute kidney 
injury). The DARE-19 trial was designed as to study the potential impact for the 
protection of patients with COVID-19 against cardiovascular and renal 
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Summary of recommendations of COVID-19 and diabetes

For patients with diabetes who have not contracted SARS-CoV-2 (primary prevention):

      •     Strict control of blood sugar levels, blood pressure and lipids
      •     Utilization of Telemedicine as appropriate to minimize exposure
      •     Avoiding premature discontinuation of established therapeutic regimes

In-patient care of patients with COVID-19:

       �    Monitor for evidence of development of new onset diabetes in patients with no
              prior reported history

       �    Management of diabetic patients:

                  •  Careful monitoring of blood glucose levels, as well as electrolyte, pH, blood
                      ketones and β-hydroxybutyrate
                  •  Early use of IV insulin for better dose titration especially in patients with
                      severe disease

Goals of therapy:

Blood glucose level 72-180 mg/dL (the lower limit can be adjusted to 90 mg/dL in
frail patients)
HbA1C less than 7%
Time in range (TIR) (72-180 mg/dL): >70% (>50% in frail and older patients)
Hypoglycemia (<72 mg/dL): <4% (<1% in frail and older patients)

COVID-19

Fig. 36.4 Summary of recommendations on the management of diabetes in patients with 
COVID-19. (Adapted from Cariou B, Hadjadj S, Wargny M, Pichelin M, Al-Salameh A, Allix I, 
et  al. Phenotypic characteristics and prognosis of inpatients with COVID-19 and diabetes: the 
CORONADO study. Diabetologia. 2020;63(8):1500–15 [26])

complications. The trial, however, did not achieve statistical significance for the 
prevention of organ dysfunction and all-cause mortality, or recovery at 30 days.

Argawal and others studied over 1100 patients assessed for a relationship 
between prehospitalization HbA1C and insulin use with mortality. The study 
showed that HbA1C was nonpredictive of mortality but interestingly outpatient 
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Table 36.2 Summary of antidiabetic drugs use in patients with COVID-19

Advantages Disadvantage

Metformin •  No risk of developing 
hypoglycemia

•  Risk of dehydration and lactic acidosis in 
critically ill

•  Risk of alteration of renal function especially 
in patients with acute kidney injury or 
chronic kidney disease

• Risk of heart failure
DPP-4 inhibitors •  No risk of developing 

hypoglycemia
•  Can used in in patients 

with kidney disease
•  Anti-inflammatory 

effects
•  Can potentially modify 

SARS-CoV-2 binding 
sites

SGLT2- 
inhibitors

•  No risk of developing 
hypoglycemia

•  Risk of dehydration and euglycemic DKA 
during the disease

• Electrolyte disturbances
GLP-1 receptor 
agonist

•  No risk of developing 
hypoglycemia

• Risk of dehydration

•  Anti-inflammatory 
effects

• Gastrointestinal side effects

• Risk of aspiration
Sulphonylurea •  Risk of hypoglycemia especially if 

co-administered with other oral anti-diabetic 
drugs

Pioglitazone •  Anti-inflammatory 
effects

• Risk of volume overload and heart failure

Insulin •  Drug of choice for 
managing critically ill 
patients

• Risk of hypoglycemia
• High doses may be needed
•  Close and frequent monitoring especially if 

IV administration

DPP-4 dipeptidyl peptidase 4, SGLT2 sodium–glucose cotransporter-2, GLP-1 glucose-dependent 
insulinotropic peptide
Adapted from Apicella M, Campopiano MC, Mantuano M, Mazoni L, Coppelli A, Del Prato 
S.  COVID-19  in people with diabetes: understanding the reasons for worse outcomes. Lancet 
Diabetes Endocrinol. 2020;8(9):782–92 [63]

insulin use was associated with higher rates of mortality [64]. The same study also 
observed the highest rates of mortality in patients who were dependent on insulin 
alone versus patients who took a combination of insulin and non-insulin regimens. 
Another study of 904 patients from Wuhan included 120 patients who were diabetic 
on treatment. The patients who used insulin for glucose control had higher infection 
indices, with high CRP, procalcitonin, and erythrocyte sedimentation rate (ESR). 
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Table 36.3 Summary of recommendations on use of antidiabetic medications in patients with 
diabetes and COVID-19 based on severity and setting

No disease/
ambulatory

Mild disease/
ambulatory

Moderate disease/
hospitalized

Severe disease/
hospitalized

Recommended 
use

Insulin Insulin Insulin Insulin
Metformin DPP4i DPP4i DPP4i
TZD Metformin Metformin
DPP4i GLP1 analogues GLP1 analogues
GLP1 analogues
α-Glucosidase 
inhibitors

Cautious use SGLT2i SGLT2i α-Glucosidase 
inhibitors

Metformin

Sulfonylurea TZD Sulfonylurea GLP1 analogues
α-Glucosidase 
inhibitors

α-Glucosidase 
inhibitors

Sulfonylurea
Use not 
recommended

TZD Sulfonylurea
SGLT2i TZD

SGLT2i

Adapted from Lim S, Bae JH, Kwon HS, Nauck MA. COVID-19 and diabetes mellitus: from 
pathophysiology to clinical management. Nat Rev Endocrinol. 2021;17(1):11–30

Insulin users were found to have a greater risk for poor prognosis when multivari-
able regression models were made to compare different glucose-lowering drugs [65].

It is still unclear whether insulin itself was responsible for the observation, or if 
there were other confounding characteristics that were contributing. On the other 
hand, the use of continuous intravenous insulin infusion improved glucose control, 
especially in the ICU and in patients who require high-dose steroids. To reduce the 
risk of healthcare personnel exposure, it was recommended to start an NPH-regular 
insulin regimen, but if the prime target in management is to reduce the variability in 
the levels of measures blood glucose, intravenous insulin infusion is recom-
mended [66].

The potassium balance must be carefully adjusted given the potential for hypo-
kalemia that is a common feature in patients with COVID-19, due to high levels of 
angiotensin II and hyperaldosteronism. COVID-19 was also found to worsen hyper-
glycemia, by affecting the β-cells of the pancreas [67]. The increased insulin 
requirement would thus predispose to worse hypokalemia. Special attention must 
be paid to the fluid balance of patients with COVID-19 as to avoid volume overload 
and pulmonary edema in a lung tissue that already sustained significant injury. Fluid 
balance must be tailored as such to avoid development of pulmonary edema in 
severely inflamed lung tissue.

Various anti-inflammatory agents have been tried to treat COVID-19. They have 
had differing effects on blood glucose and insulin levels (Table  36.4). Recently, 
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Table 36.4 The mechanism of action and effect of some drugs used for treatment of COVID-19 
on blood glucose, insulin, and β-cell

Drug
Mechanism of 
action

Effect on blood 
glucose Effect on insulin

Effect on 
β-cells

Camostat mesylate Serine protease 
(TMPRSS2) 
inhibitor

↓ In patients with 
new-onset DM and 
in patients with 
chronic pancreatitis

– –

Hydroxychloroquine Blockade of viral 
entry and 
modulation of 
immune system

↓ HbA1c as well as 
fasting and 
postprandial 
glucose

↑ Insulin 
sensitivity and ↑ 
hepatic sensitivity 
to insulin

↑ β-cell 
activity

Protease inhibitor Blockade of 
proteolytic enzyme 
activity

↑ Fasting and 
postprandial 
glucose

↑ Insulin levels, ↓ 
insulin sensitivity 
and ↓ glucose 
clearance

↓ β-cell 
activity 
and 
insulin 
release

IL-6 receptor 
inhibitors

Blockade of IL-6 
effect of activation 
of inflammatory 
mediators that 
produce B- and 
T-cells

↓ HbA1c ↓ Insulin level
↓ Insulin-to- 
glucose ratio ↑ 
insulin sensitivity 
and ↓ insulin 
resistance

–

IL-1 receptor 
inhibitors

Blockade of IL-1 
effects

↓ HbA1c, ↓ fasting 
blood glucose. 
Both effects are not 
seen in patients 
with new onset 
type 1 DM

↑ C-peptide 
secretion and ↑ 
proinsulin-to- 
insulin ratio

–

IL-1β receptor 
inhibitors

Blockade of IL-1β 
effects

No effects are seen 
in patients with 
new onset type 1 
DM

No effects on 
C-peptide 
secretion or 
proinsulin-to- 
insulin ratio in 
patients with new 
onset type 1 DM

–

TNF inhibitors Blockade of TNF 
effect

↓ HbA1c, ↓ fasting 
blood glucose

↓ Insulin 
resistance
↑ Insulin 
sensitivity

↑ β-cell 
activity

Corticosteroids Anti-inflammatory 
effects

↑ HbA1c, ↑ blood 
glucose especially 
postprandial

↑ Insulin 
resistance
↓ Insulin 
sensitivity

↓ β-cell 
activity 
and 
insulin 
release
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dexamethasone has been shown to be effective in the treatment of COVID-19 [68]. 
However, this same drug may worsen the glucose control in diabetic patients, and 
adjustments in insulin treatment to maintain glucose control will become increas-
ingly difficult.

Aside from its anticoagulation effect, heparinoids also have anti-inflammatory 
effects [69]. In a study by Yin and others, patients with severe pneumonia caused by 
COVID-19 associated with endothelial dysfunction and coagulopathy and elevated 
d-dimer more than 3.0 μg/mL were found to have better prognosis and lower mor-
tality as compared to patients who also had severe pneumonia, however, not impli-
cated to SARS-CoV-2 and elevated d-dimer of more than 3.0 μg/mL when started 
on heparin [70]. Low-molecular weight heparin or fondaparinux were preferred as 
agents for anticoagulation over unfractionated heparin as per  an expert panel 
report [71].

A careful screening of patients with COVID-19 and diabetes would aim as to 
identify patients who are at risk of developing worsening disease and help improve 
outcome. An increasing ferritin, C-reactive protein, erythrocyte sedimentation rate 
(ESR), or decreasing platelet count are markers of a heightened immune response 
that can contribute to worse outcome and in whom immunomodulator therapy can 
be warranted.

 Conclusion

While the highest mortality rates in patients with COVID-19 are seen in the older 
age population, diabetes and metabolic disease are very strong risk factors and pre-
dictors of disease outcome. Patients with diabetes have weakened immune system 
and endothelial dysfunction at baseline, and in the setting of COVID-19 infection, a 
fulmination of both processes would lead to ARDS and multiorgan failure.

Treatment of COVID-19 remains in the most part empirical, and even though a 
number of promising therapeutic options are currently used on a compassionate 
basis, large-scale clinical trials are yet to validate their efficacy, with over 2300 trials 
being planned for or currently launched as per ClinicalTrials.gov website [72].

Besides tailoring therapy to address COVID-19 based on signs of end organ 
damage/failure, a very tight control of blood glucose level is warranted in patients 
with diabetes with COVID-19. We also discussed some challenges that face clini-
cians when treating diabetics with COVID-19, as well as some differences noted 
between COVID-19 and other pandemics in relationship to management, and pos-
sible solutions to overcome some clinical scenarios in daily practice. The ability to 
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maintain and/or restore endothelial function is important to treating patients and 
may provide a source of treatment of COVID-19.

A year since the news of the first case, COVID-19 has claimed the lives of over 
1.6 million patients. With genome isolation and the subsequent development and 
introduction of different vaccines, comes hope for improved control of the pan-
demic. We do, however, need to continue to tackle another pandemic that has out-
lived COVID-19 and that according to the WHO has affected 8.5% of the world’s 
population in 2014, diabetes [73].

With the administration of around 300 million doses of COVID-19 vaccines 
worldwide, we have begun to see a silver lining as the numbers of new daily cases 
and deaths have since plateaued and decreased. States across the US have relaxed 
their mask mandates and are largely back to what it was pre-COVID. International 
travel is now allowed for fully vaccinated individuals. We are, however, not entirely 
out of the woods as COVID continues to infect many though now having decreased 
rates of mortality. We need to continue to better understand this disease process, in 
both nondiabetics and diabetics to further reduce the seriousness of further COVID 
infections especially as new strains of the virus.
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Chapter 37
Tailoring the Treatment of Type 2 Diabetes 
Mellitus to the Individual

Patricia R. Peter and Silvio E. Inzucchi

 The Impact of Cardiovascular Disease in Patients 
with Diabetes

Cardiovascular disease (CVD) is a major source of morbidity and mortality in 
patients with type 2 diabetes mellitus (T2DM) [1]. These patients are more likely to 
develop and die of atherosclerotic cardiovascular disease when compared to their 
non-diabetic counterparts [2]. People with diabetes also have a 2–5 times higher risk 
of developing heart failure in their lifetime with a 50% greater risk of mortality after 
hospitalization for heart failure (HHF) when compared to those without diabetes 
[3–5]. Fortunately, there have been promising signs of improving cardiovascular 
outcomes in this population and decreasing burden of disease over time due to an 
increased focus on aggressive risk factor reduction as well as early and more effica-
cious cardiovascular interventions [6]. There is also new hope that the burden of 
cardiovascular disease will continue to decline as some of the newer classes of 
diabetes medications appear to not only reduce hyperglycemia but also improve 
cardiovascular outcomes.

 Setting a Glycemic Target

The hemoglobin A1c (HbA1c) test has been used for decades to assess the overall 
quality of glycemic control and has formally been part of the American Diabetes 
Association’s (ADA) diagnostic criteria for diabetes mellitus since 2010 [7]. Given 
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the clear link between improving glycemic control and a reduction in rates of 
microvascular complications, an A1c goal of <7% has generally been accepted as 
striking the appropriate balance between reducing the risk of retinopathy, nephrop-
athy, and neuropathy while avoiding the dangers of hypoglycemia (mainly a con-
cern in those using insulin or insulin secretagogues) [8, 9]. However, the 7% 
threshold should be viewed as a general goal that is then adjusted based on the cir-
cumstances of each individual patient. In particular, factors that should be taken 
into account when setting a glycemic target include duration of disease, life expec-
tancy, comorbid conditions, established complications, resources and support at 
home, patient motivation and preference, and the risks of adverse effects related to 
therapy, especially with regard to hypoglycemia [10]. For example, a more strin-
gent goal of 6–6.5% might be appropriate for a motivated young patient with newly 
diagnosed diabetes, while a target of <8% (or even slightly higher) would be rea-
sonable for an older individual with advanced comorbidities in whom hypoglyce-
mia risk and quality of life considerations are of more pressing concern than the 
long-term sequela of hyperglycemia.

With regard to the impact of glucose control on cardiovascular complications in 
this population, older landmark trials in the field were largely disappointing in that 
they found no consistent link between tight glycemic control and improved cardio-
vascular outcomes [11–13]. In fact, the ACCORD trial showed increased cardiovas-
cular mortality in those randomized to more intensive glucose control, possibly (but 
certainly not conclusively) due to the increased burden of hypoglycemia in that 
group [11]. Subsequent follow-up studies did demonstrate modestly improved car-
diovascular outcomes in the groups whose HbA1c had previously been more strin-
gently controlled, leading to a hypothesis that there was a “legacy” effect that was 
conferring some protective effect even though their glucose control was at present 
no different from their counterparts [14, 15]. Given the absence of clear-cut data 
linking lower glucose levels to a reduced risk of cardiovascular disease, there has 
recently been a new focus on prioritizing the use of glucose-lowering pharmaco-
logical agents with demonstrated cardiovascular benefits—rather than merely low-
ering A1c to a particular target.

 Cardiovascular Implications of Glucose-Lowering 
Drug Classes

Managing type 2 diabetes in patients with cardiovascular disease typically starts 
with metformin, an agent that has been used for decades with excellent glucose- 
lowering efficacy and a clearly established safety profile. Supporting the early use 
of this agent in patients with cardiovascular disease are the results of some older, 
small studies that have indicated a potential cardiovascular benefit of this agent [8]. 
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However, if hyperglycemia is inadequately controlled after metformin, the choice of 
what agent to use next has become increasingly complex as the number of available 
glucose-lowering drugs has multiplied greatly over the years. Since 2008, the Food 
and Drug Administration (FDA)-mandated cardiovascular outcomes trials (CVOTs) 
have proved essential to making these decisions as they have provided us with a 
wealth of information regarding the safety and potential benefits of many of the 
available glucose-lowering agents (Table 37.1).

Table 37.1 Summary of major cardiovascular outcomes trial data

Study (drug)

Patient 
population 
(n)

Mean 
duration 
of 
follow-up 
(years)

Baseline 
prevalence 
of CVD 
(%)

Significant CV 
outcomes Other findings

SGLT2i

   EMPA-REG 
OUTCOME 
[1] 
(empagliflozin)

7020 3.1 99 •  14% RRR in 
MACE

•  34% RRR in 
HHF or CV 
death

•  38% RRR in 
CV death

•  32% RRR in 
all-cause 
mortality

• 35% RRR in 
HHF

•  46% RRR in 
the renal 
composite 
endpoint

   CANVAS [2] 
(canagliflozin)

10,142 3.6 65.6 •  14% RRR in 
MACE

•  33% RRR in 
HHF

•  40% RRR in 
the renal 
composite 
endpoint

•  Significantly 
higher rates 
of fracture 
and 
amputation in 
the treatment 
group

   DECLARE- 
TIMI 58 [3] 
(dapagliflozin)

17,160 4.2 40 •  17% RRR in 
CV death or 
HHF

•  27% RRR in 
HHF

•  24% RRR in 
the renal 
composite 
endpoint

(continued)
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Table 37.1 (continued)

Study (drug)

Patient 
population 
(n)

Mean 
duration 
of 
follow-up 
(years)

Baseline 
prevalence 
of CVD 
(%)

Significant CV 
outcomes Other findings

   CREDENCE 
[4] 
(canagliflozin)

4401 2.6 50.4 •  20% RRR in 
MACE

•  39% RRR in 
HHF

•  Borderline 
significant 22% 
RRR in CV 
death

•  30% RRR in 
primary renal 
composite 
outcome

•  No significant 
increase in 
fracture or 
amputation in 
the treatment 
group

   VERTIS CV 
[5] 
(ertugliflozin)

8238 3.5 >99 •  30% RRR in 
HHF

   SCORED [6] 
(sotagliflozin)

10,584 1.3 48.6 •  26% RRR in 
composite of 
CV death, HHF, 
and urgent visits 
for HF

•  Trial ended 
early due to 
loss of 
funding

GLP-1 RA

   LEADER [7] 
(liraglutide)

9340 3.8 81 •  13% RRR in 
MACE

•  22% RRR in 
CV death

•  15% RRR in 
all-cause 
mortality

•  Borderline 
significant 14% 
RRR in MI

•  36% RRR in 
the renal 
composite 
endpoint

   SUSTAIN 6 
[8] 
(semaglutide)

3297 2.1 60 •  26% RRR in 
MACE

•  39% RRR in 
stroke

•  36% RRR in 
the renal 
composite 
endpoint

•  Higher rates 
of retinopathy 
in the 
treatment 
group

   REWIND [9] 
(dulaglutide)

9901 5.4 32 •  12% RRR in 
MACE

•  24% RRR in 
stroke

•  15% RRR in 
the renal 
composite 
endpoint
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Table 37.1 (continued)

Study (drug)

Patient 
population 
(n)

Mean 
duration 
of 
follow-up 
(years)

Baseline 
prevalence 
of CVD 
(%)

Significant CV 
outcomes Other findings

TZD

   PROactive [10] 
(pioglitazone)

5238 2.9 98 •  16% RRR in the 
secondary 
composite 
outcome of 
all-cause 
mortality, 
non-fatal MI, or 
stroke

•  Reports of 
nonfatal heart 
failure 
(unadjudicated) 
were more 
common in the 
treatment group

   IRISa [11] 
(pioglitazone)

3895 4.8 100 •  24% RRR in 
stroke or MI

•  No increase in 
serous heart 
failure events 
(adjudicated) in 
the treatment 
group

•  52% RRR in 
progression 
to diabetes

•  Increased 
bone 
fractures in 
the treatment 
arm

DPP4i

   SAVOR-TIMI 
53 [12] 
(saxagliptin)

16,492 2.1 78 •  27% Relative 
increased risk in 
HHF in 
treatment group

   CAROLINAb 
[13] 
(linagliptin)

6042 6.3 34.5 •  No difference 
between 
linagliptin and 
SU with respect 
to any CV 
endpoint

SGLT2i sodium–glucose cotransporter 2 inhibitors, CV cardiovascular, CVD cardiovascular dis-
ease, HF heart failure, HHF hospitalization for heart failure, MACE major adverse cardiac events, 
MI myocardial infarction, RRR relative risk reduction
aInsulin resistant, non-diabetic population
bCompared to glimepiride
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 Sodium–Glucose Cotransporter 2 Inhibitors

The sodium–glucose cotransporter SGLT 2 inhibitors (SGLT2i) are the newest class 
of anti- hyperglycemic agents and some of the first to show positive cardiovascular 
outcomes in patients with diabetes. These agents lower blood glucose by blocking 
renal glucose reabsorption in the proximal nephron and by increasing glucose 
excretion in the urine.

Several agents in this class have demonstrated improvements in the rates of major 
adverse cardiovascular events (MACE), which is a composite outcome that includes 
death from cardiovascular causes, non-fatal myocardial infarction (MI), or non-fatal 
stroke. In the EMPA-REG OUTCOME trial, patients with T2DM and cardiovascu-
lar disease who received empagliflozin experienced lower rates of MACE (HR = 0.86 
[95% CI 0.74–0.99]; p = 0.04) driven primarily by a 38% relative reduction in the 
risk of CV (cardiovascular) death (HR = 0.62, 95% CI 0.49–0.77; p < 0.001) with 
no significant differences in the rates of MI or stroke between the two groups [16]. 
In both the CANVAS and the CREDENCE trials, use of canagliflozin was also asso-
ciated with a lower risk of MACE, with the CREDENCE trial demonstrating a 
strong trend toward a significant 22% reduction in CV death (HR = 0.78, 95% CI 
0.61–1.00; p = 0.05) [17, 18]. Dapagliflozin and ertugliflozin were both non-inferior 
to placebo with respect to MACE in the DECLARE TIMI 58 trial and the VERTIS 
CV trial, respectively [19, 20]. Thus, the reduction in CV death associated with 
empagliflozin has not yet been fully reproduced by other agents in this class and it 
remains to be seen if this is due to a unique property of this agent or more a function 
of differences in the study populations and trial designs. A meta-analysis by Zelniker 
et al. found that SGLT2i use reduced the risk of MACE by 11% (HR 0.89 [95% CI 
0.83–0.96], p = 0.0014), but this effect was only found in patients with preexisting 
atherosclerotic cardiovascular disease [21]. By contrast, an updated meta-analysis 
by Arnott et al. including data from the CREDENCE trial with its large number of 
patients without established CVD found comparable reductions in MACE for those 
in the primary or secondary prevention setting [22]. In both of these meta-analyses, 
SGLT2i use was associated with a significant reduction in CV death, but there was 
a moderate to high level of heterogeneity among the included studies, and this risk 
reduction was only noted in those with established cardiovascular disease [21, 22]. 
Importantly, a multinational real-world observational study found that SGLT2i use 
was associated with reduced risk of death, myocardial infarction, and stroke in those 
with and without established CVD [23, 24].

The data supporting the use of these agents in patients with regard to heart failure 
outcomes is even more striking and consistent across all members of this class. 
Empagliflozin, canagliflozin, dapagliflozin, and ertugliflozin have all been associ-
ated with significant reductions in heart failure hospitalizations in patients with 
T2DM, ranging from a 27 to 39% relative risk reduction across their respective 
CVOTs [16, 17, 19, 20]. These findings have been consistent and robust across two 
subsequent meta-analyses and in a large study of SGLT2i use in a real-world clini-
cal setting [21, 22, 25]. With regard to empagliflozin specifically, the Empagliflozin 
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Comparative Effectiveness and Safety (EMPRISE) study assessed the efficacy and 
safety of this agent in a real-world setting using several large insurance claims data 
sources. In their first interim analysis, the investigators identified a 50% reduced 
risk in hospitalizations for heart failure (HR = 0.50 [95% CI 0.28–0.91]) among 
patients with T2DM with or without cardiovascular disease who were treated with 
empagliflozin versus sitagliptin [26].

The improvements in heart failure outcomes in these CVOTs have been so suf-
ficiently compelling as to prompt several investigations into the impact of these 
agents in the general heart failure population, regardless of diabetes status. For 
example, the DAPA-HF trial demonstrated a 26% relative risk reduction (HR = 0.74 
[95% CI 0.65–0.85]) of the composite outcome of worsening heart failure and death 
from CV causes in patients with heart failure with reduced ejection fraction (HFrEF) 
who received dapagliflozin when compared to placebo [27]. The majority of patients 
in this study who derived benefit from dapagliflozin did not have diabetes, leading 
to its approval by the FDA for use in HFrEF [27]. Similarly, the EMPEROR- 
Reduced trial investigated the use of empagliflozin in a population with HFrEF 
who, on average, had lower EFs and higher levels of natriuretic peptides at baseline 
than those in the DAPA-HF trial [28]. Echoing the results of the DAPA-HF trial, 
patients treated with empagliflozin experienced a 25% relative risk reduction 
(HR = 0.75 [95% CI 0.65–0.86]) in the composite outcome of hospitalization for 
heart failure and CV death, again regardless of diabetes status [28]. In terms of 
improving outcomes in patients with HFpEF, 21% of patients in the SOLOIST-
WHF trial with EF >50% appeared to experience improved CV outcomes similar to 
those with reduced EF, but the authors could not draw definitive conclusions about 
this population given the early termination of the trial and resultant small size of this 
subgroup [29]. The ongoing DELIVER and EMPEROR- Preserved trials will con-
tinue to investigate the potential therapeutic impact of these agents in patients with 
heart failure with preserved ejection fraction (HFpEF), perhaps further expanding 
the indications for the use of these agents [30].

SGLT2i have also demonstrated significant promise in reducing the progression 
of chronic kidney disease, an important comorbidity in patients with type 2 diabetes 
and cardiovascular disease. Empagliflozin, canagliflozin, and dapagliflozin have all 
been associated with improvements in clinically important renal outcomes in their 
respective CVOTs and in subsequent meta-analyses [16–19, 21, 31]. Specifically, 
the meta-analysis by Neuen et al. found a 33% reduction in the risk of the renal 
composite outcome of dialysis, transplantation, or death due to kidney disease 
(RR = 0.67 [95% CI 0.52–0.86]) with the use of SGLT2i when compared to placebo 
[31]. This effect was consistent across all studies and demonstrated regardless of 
baseline eGFR (with most studies allowing baseline eGFR as low as 30  mL/
min/1.73 m2) [31]. These renoprotective effects appear to be glucose-independent as 
the DAPA-CKD trial demonstrated that dapagliflozin conferred significant improve-
ments in renal outcomes regardless of diabetes status [32]. Notably, DAPA-CKD 
allowed eGFR down to 25 mL/min/1.73 m2. The ongoing EMPA-KIDNEY study 
will look at using empagliflozin in a similar population of patients with CKD with 
and without T2DM, allowing eGFR down to 20 mL/min/1.73 m2.
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A new addition to this class of agents that has a unique mechanism of action is 
sotagliflozin which acts on the sodium-glucose cotransporter (SGLT)1 in the gut to 
block glucose absorption there in addition to inhibiting SGLT2  in the kidney. 
Though it was terminated early due to loss of funding from the sponsor, the 
SCORED trial (sotagliflozin’s CVOT) enrolled over 10,000 T2DM patients with 
CKD who were at risk for CVD. This trial found a 26% relative risk reduction in the 
rates of the composite cardiovascular outcome that included CV death, HHF, and 
urgent visits for HF (HR = 0.74 [95% CI 0.63–0.88]) [33]. Additionally, SOLOIST-
WHF initiated sotagliflozin therapy in patients with T2DM being discharged after 
an episode of decompensated heart failure and found a 33% reduction in the com-
posite outcome of death from CV causes and hospitalizations and urgent visits for 
heart failure when compared to placebo (HR = 0.67 [95% CI 0.52–0.85]) [29]. A 
total number of 6.1–8.5% of patients on sotagliflozin experienced diarrhea com-
pared to 3.4–6% of patients in the placebo groups across these two trials, an adverse 
effect likely related to sotagliflozin’s known actions on the gut. Sotagliflozin is not 
yet marketed in the USA.

Since the CV benefits of these agents occur irrespective of glucose-lowering, and 
these effects occur within a few weeks after treatment initiation, their modest posi-
tive impact on body weight, blood pressure, and lipids is insufficient to explain their 
beneficial impact on CV outcomes. Instead, there has been some focus on the 
diuretic properties of these agents, and how they might confer more benefits than 
the loop diuretics that are typically used in patients with heart failure. While use of 
loop diuretics leads to reflexive activation of neurohormonal pathways that attempt 
to preserve intravascular volume, SGLT2i-induced natriuresis does not appear to 
lead to this potentially deleterious response [34]. This is perhaps because unlike 
loop diuretics, SGLT2i acts at the proximal tubule to increase sodium delivery to the 
macula densa, thereby blunting activation of the sodium-retaining pathways that 
lead to loop diuretic resistance and may contribute to HF progression [34]. 
Additionally, SGLT2i may alter energy metabolism at the level of the myocardium 
by increasing ketone production which could perhaps serve as a more efficient fuel 
source for the heart, impact myocardial sodium and calcium handling to correct 
dysregulated whole-body sodium homeostasis, or act on cardiac fibroblasts and adi-
pokines to reduce cardiac fibrosis and inflammation [35]. Using cardiac MRI data, 
the EMPA-HEART CardioLink-6 and the SUGAR-DM-HF trials found that even a 
short duration of empagliflozin therapy (i.e., 6–9 months) led to improvements in 
different parameters of LV function such as LV indexed mass and end-systolic and 
end-diastolic indexed volumes, suggesting SGLT2 inhibition might promote rever-
sal of deleterious CV remodeling [36, 37].

As would be expected given their mechanism of action, the most common side 
effect of these agents is polyuria. There is also an increased risk of genital mycotic 
infections that are typically easily treatable with conventional topical or oral thera-
pies. However, if such infections are recurrent, the drug may need to be stopped. 
While conceivably linked to urinary tract infections (UTIs) and their complications 
of pyelonephritis and urosepsis, no imbalance in such events has been observed in 
most of the large outcomes trials. Of course, those with prior history of severe UTIs, 
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those with indwelling catheters, or those who retain renal stones could potentially 
be at higher risk of infections, and so avoiding these agents in these patients may be 
advisable. Fournier’s gangrene has been reported in post-marketing surveys, but 
these events are too rare to assess in clinical trials and a causative link to SGLT2 
inhibitors remains uncertain. However, avoiding the drugs in those at greatest risk 
for this severe form of fasciitis is logical. Patients treated with these agents are also 
at increased risk of diabetic ketoacidosis (DKA) despite normal or only mildly ele-
vated serum glucose levels (the so-called euglycemic DKA). This complication was 
first revealed in the off-label used of SGLT2 inhibitors in patients with type 1 diabe-
tes, but DKA can rarely occur in those with type 2 diabetes as well, especially in 
sick individuals already on insulin whose insulin dose has been drastically reduced. 
Since the drugs, as mentioned previously, do increased ketone production, which is 
further enhanced in the fasted state and when insulin doses are decreased, they 
should be stopped at least 3 days prior to any surgical procedure. The CANVAS trial 
demonstrated an association between canagliflozin use and an increased risk of 
lower extremity amputations, but this association has not been noted with other 
agents in this class [17]. Subsequent clinical trial and observational data on cana-
gliflozin has shown an inconsistent association with amputation risk, leading the 
FDA to remove its previous black box warning about this while recommending 
ongoing monitoring for this potential complication [18, 38, 39]. Although these 
tend to be costly agents, aside from the beneficial cardiovascular implications, other 
benefits include their low hypoglycemia risk, promotion of modest weight loss, 
minor improvements in blood pressure and lipids as well as their previously dis-
cussed robust renoprotective effects [21, 31].

 GLP-1 Receptor Agonists

The glucagon-like peptide 1 receptor agonists (GLP-1 RA) activate the receptor for 
the endogenous incretin GLP-1 and improve glucose homeostasis in several ways. 
These mostly injectable medications stimulate glucose-dependent insulin secretion 
while indirectly improving insulin sensitivity by decreasing appetite centrally and 
promoting weight loss. They also inhibit glucagon secretion and thereby suppress 
endogenous (mainly hepatic) glucose production. Finally, and to a more variable 
degree, they slow gastric emptying, adding to a sensation of satiety.

Several members of this class have been shown to improve major cardiovascular 
outcomes. In the first of these, the LEADER trial, liraglutide use was associated 
with a 13% reduction in MACE (HR = 0.87 [95% CI 0.78–0.97]) and 22% lower 
risk of CV death (HR = 0.78 [95% CI 0.66–0.93]) in patients with T2DM who were 
at high risk for CVD [40]. A post hoc analysis of this data found that improvements 
in MACE were only noted in those with prior CV events or established atheroscle-
rotic cardiovascular disease with essentially neutral effects in those with CV risk 
factors alone [41]. In the SUSTAIN 6 trial, weekly semaglutide was found to reduce 
the risk of MACE by 26% (HR = 0.74 [95% CI 0.58–0.95]) compared to placebo 
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though there was no significant reduction in CV death [42]. Instead, this improve-
ment in MACE was driven largely by a 39% relative risk reduction in non-fatal 
stroke (HR = 0.61 [95% CI 0.38–0.99]) [42]. The CVOT of the only oral GLP-1 
RA, a different formulation of semaglutide, showed non-inferiority to placebo with 
regard to the primary composite outcome of CV death, non-fatal MI, or non-fatal 
stroke, but there was a significant risk reduction when the secondary outcomes of 
CV mortality and all-cause mortality were examined individually when compared 
to placebo [43]. As a result, when the FDA considered this data combined with that 
from SUSTAIN 6, it approved injectable (though not oral) semaglutide for reduc-
tion of MACE in patients with T2DM in the secondary prevention setting. Following 
a similar pattern to injectable semaglutide, weekly dulaglutide in the REWIND 
trial was associated with a 12% relative risk reduction in MACE (HR = 0.88 [95% 
CI 0.78–0.99]) with no impact on CV death but again driven by a 24% risk reduc-
tion in non-fatal stroke (HR = 0.76 [95% CI 0.61–0.95]) [44]. Unlike the other 
GLP-1 RA CVOTs, only a minority of patients in the REWIND trial had estab-
lished CVD, so the results of this study suggest the benefits of this drug class extend 
to a primary prevention population. Albiglutide, another weekly injectable, was 
also associated with improved cardiovascular outcomes in patients with type 2 dia-
betes and CVD, but this medication was subsequently withdrawn from the market 
for financial reasons [45]. Exenatide’s weekly formulation and daily lixisenatide 
demonstrated cardiovascular safety when compared to placebo, but there were no 
improvements in CV outcomes with use of these members of this drug class 
[46, 47].

Several meta-analyses have further investigated the cardiovascular benefits of 
this class of agents. In their review of the data from all the available GLP-1 RA 
CVOTs, Kristensen et al. found that GLP-1 therapy led to a 12% reduction in MACE 
(HR = 0.88 [95% CI 0.82–0.94]) due to significant reductions in all the component 
outcomes including cardiovascular death, fatal or non-fatal stroke, and fatal or non- 
fatal myocardial infarction [48]. There was also a small reduction in heart failure 
hospitalizations that was surprising as this had not been noted previously with these 
agents individually [48]. These agents were found to be cardioprotective regardless 
of baseline cardiovascular status, but the authors caution that the data is not robust 
enough to strongly recommend the use of these agents in the primary prevention 
setting [48]. With regard to stroke outcomes, the neuroprotective findings of the 
SUSTAIN 6 and REWIND trials have been supported by data from subsequent 
meta-analyses [42, 44]. Kristensen et al. found that treatment with a GLP-1 RA led 
to a 16% relative risk reduction (HR = 0.84, [95% CI 0.76–0.93]) in fatal or non- 
fatal stroke [48]. Similarly, another meta-analysis that focused more specifically on 
the impact of GLP-1 RA on stroke outcomes observed a 15% reduction in the risk 
of non-fatal stroke (HR = 0.85 [95% CI 0.76–0.94]), 19% reduction in fatal stroke 
(HR = 0.81 [95% CI 0.62–1.08]), and 16% reduction in total stroke (HR = 0.84 
[95% CI 0.76–0.93]) with no heterogeneity across the GLP-1 RA CVOTs [49]. 
There was no association between the extent of A1c lowering or body weight reduc-
tion and these favorable outcomes [49]. Of note, however, an exploratory analysis 
of the REWIND study found that this stroke-reduction benefit only occurred in 
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those with ischemic stroke and that A1c reduction accounted statistically for about 
half of this beneficial effect [50].

The CV benefits that result from GLP-1 RA use are likely due to a variety of 
mechanisms. Use of GLP-1 receptor agonists leads to amelioration of several tradi-
tionally important cardiometabolic risk factors such as hyperglycemia, weight, 
blood pressure, and lipids which are known to be impactful on long-term CV out-
comes. In fact, a mediation analysis of the LEADER trial identified A1c as the pri-
mary significant mediator of the improved cardiovascular outcomes associated with 
liraglutide use, implying that glucose control was an important driver of improved 
CV outcomes with this agent [51]. However, the cardiovascular benefits observed 
with this class of agents occur relatively rapidly (i.e., often within 1–2 years) sug-
gesting that risk factor modification alone cannot sufficiently explain the benefits 
noted with this class. Several other potential mechanisms have been proposed 
invoking a direct effect of these agents on the cardiovascular system through 
improvements in endothelial cell function and reduction of vascular inflammation, 
slowing the progression of atherosclerotic plaque formation in subclinical athero-
sclerotic disease [52, 53]. With regard to the beneficial impact of these agents on 
stroke outcomes, pre-clinical trials have observed reductions in infarct volume after 
treatment with these agents, primarily mediated by decreased neuroinflammation, 
oxidative stress, and apoptosis, which limits the extent of neuronal damage after an 
ischemic insult [54, 55].

Of all the currently available glucose-lowering therapies, the GLP-1 RAs are 
associated with the most significant and consistent weight loss benefit. In fact, lira-
glutide at a dose of 3.0 mg per day (higher than the recommend anti- hyperglycemic 
dose) is FDA-approved for the treatment of obesity regardless of diabetes status. 
Meanwhile, injectable semaglutide appears to be especially promising in this regard 
and is currently in phase 3 trials as an anti-obesity agent after an earlier dose-finding 
study found 11.6–13.8% reductions in baseline body weight after 52 weeks of treat-
ment with daily doses of 0.2 mg or higher [56]. These weight reductions are com-
parable to or greater than that of other currently approved weight loss agents. At 
these doses of semaglutide, >75% of patients lost more than 5% of their baseline 
weight with almost 60% losing 10% or more, and the effect of this medication 
appeared to persist throughout the year-long treatment period rather than plateauing 
early as other weight loss agents have [56]. The most common side effects with 
these medications are dose-dependent mild to moderate GI symptoms including 
nausea, vomiting, and constipation that typically improve over time. These GI 
effects do not appear to be the primary driver of the weight loss benefits [57, 58]. 
Rather, these appear to be due to direct actions on the brain to suppress appetite and 
promote early satiety, reducing overall caloric intake [59].

One drawback to therapy with this class of agents is that most are expensive and 
are only available as daily or once weekly subcutaneous injections that can be off- 
putting to those who are leery of self-injections. Semaglutide is also more recently 
available as a daily oral option but absorption is poor, so current recommendations 
for taking it on an empty stomach with a small amount of water prior to other oral 
intake may prove cumbersome to some patients. Although the risk of pancreatitis, 
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initially a concern with these agents appears to be similar to placebo, there is some 
data suggesting an increased risk of cholelithiasis with their use [60, 61]. In 
SUSTAIN 6, treatment with semaglutide was associated with a higher risk of reti-
nopathy complications, but this association has not been redemonstrated in subse-
quent analyses [62–65]. The worsening noted in this study has therefore been 
attributed to the rapid tempo of glucose-lowering in these patients, which can result 
in a transient worsening of disease but which does not translate to long-term pro-
gression of retinopathy [63]. These agents appear to have some renoprotective 
effects as well, but largely through reductions in albuminuria and not on “harder” 
renal outcomes such as doubling of serum creatinine [40, 42, 44, 48].

 Thiazolidinediones

Thiazolidinediones (TZDs) act on the peroxisome proliferator-activated receptors γ 
(PPAR-γ) nuclear receptor to promote adipocyte differentiation, promote beta cell 
function, and improve insulin sensitivity in skeletal muscle and adipose tissue (and 
to a lesser degree in liver).

Pioglitazone has been shown to reduce the risk of cardiovascular events in 
patients with and without diabetes. The secondary prevention study called the 
PROactive trial showed that pioglitazone treatment led to a 16% risk reduction in 
the secondary outcome of MACE (HR = 0.84 [95% CI 0.72–0.98]; p = 0.027) in 
people with T2DM and established CVD [66]. However, because the drug proved 
neutral for the primary outcome (which included peripheral vascular events), the 
MACE effect could only be considered hypothesis generating and not conclusive. In 
further subgroup analyses, PROactive participants with a prior MI experienced a 
28% reduction in rates of recurrent MI (HR = 0.72 [95% CI 0.52–0.99]) and those 
with a history of stroke had a 47% reduction in recurrent stroke (HR = 0.53 [95% CI 
0.34–0.85]) [67, 68]. Similarly, in non-diabetic but insulin-resistant patients who 
recently had a TIA or stroke, the IRIS trial found a 24% reduction in fatal/non-fatal 
stroke or MI (HR = 0.76 [95% CI 0.62–0.93]) [69]. Planned secondary analyses of 
this study investigated these component outcomes in more detail and found that 
treatment with pioglitazone in this insulin-resistant secondary prevention cohort led 
to a 25% reduction in stroke at 5 years (HR = 0.75 [95% CI 0.60–0.94]), a 29% 
reduced risk of acute coronary syndrome (ACS) (HR = 0.71 [95% CI 0.54–0.94]), 
and a 38% reduction in type 1 spontaneous MI (HR = 0.62 [95% CI 0.40–0.96]), 
effect sizes that are comparable to the benefits seen with more widely used stroke 
preventative agents such as statins, aspirin, and anti-platelet therapy [70–72]. 
Supporting the data from these randomized control trials, several meta-analyses 
have found reductions in MACE associated with pioglitazone use in a broad popula-
tion of patients, including those with insulin resistance but without overt diabetes 
[73–75]. Additionally, large-scale studies of pioglitazone use in the real-world set-
ting have demonstrated decreased mortality when compared to alternative treat-
ments such as insulin [76, 77]. Of course, comparing any drug to insulin is 
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confounded by indication, as those treated with insulin tend to have a more complex 
medical history and often a longer duration of disease. Adjustments for these fac-
tors, including propensity scores, can render the comparisons more balanced but 
may not fully account for all differences.

By contrast, the cardiovascular safety data has been decidedly less promising 
with rosiglitazone. In fact, a 2008 meta-analysis by Nissen et al. found that the odds 
ratio for MI was 1.43 (95% CI 1.03–1.98; p = 0.03) and the odds ratio for death 
from CV causes was 1.64 (95% CI 0.98–2.74; p  = 0.06) for rosiglitazone when 
compared to placebo, providing some of the impetus for the FDA’s subsequent 
directive mandating cardiovascular outcome trials prior to approval of future 
glucose- lowering agents [78]. However, RECORD, an unblinded trial looking at 
both primary and secondary CV prevention, compared the addition of rosiglitazone 
or placebo to a background of sulfonylurea/metformin combination therapy and did 
not demonstrate any increased risk of cardiovascular mortality—but also no bene-
fit [79].

Although pioglitazone has clearly shown some promising potential benefits in 
secondary prevention of atherosclerotic cardiovascular disease (ASCVD) and 
stroke, concerns about an increased risk of heart failure with use of these agents 
have tempered the enthusiasm for this class and somewhat limited their widespread 
use. Pioglitazone promotes VEGF production by the smooth muscle cells to increase 
vascular permeability and vasodilation, which when coupled with a reduction in 
urinary sodium excretion by the kidneys leads to fluid retention [80]. Despite the 
fact that this edema is unlikely to be the result of a direct deleterious effect of piogli-
tazone on ventricular function, randomized control trials such as the PROactive and 
RECORD trials both noted increased risk of heart failure in the TZD arm of their 
respective studies with the RECORD trial (unlike PROactive) finding excess deaths 
related to heart failure as well [66, 79]. Although the IRIS study (in which dose 
reduction was allowed for edema and weight gain) found no increase in heart failure 
in the pioglitazone group as compared to placebo, several meta-analyses have 
echoed the findings of PROactive and RECORD by demonstrating a significantly 
increased risk of heart failure with use of this medication class [73, 74, 81, 82]. 
Although there very well could be some misattribution of medication-associated 
edema to true heart failure, patients should be carefully evaluated for heart failure 
risk prior to starting therapy with these agents.

One potential mechanistic reason why pioglitazone use could be associated with 
decreased risk of ASCVD and stroke involves its impact on various components of 
the so-called metabolic syndrome. Improving insulin resistance and preserving 
beta-cell function ameliorates hyperglycemia, and shifting fat from visceral depots 
to subcutaneous areas reduces lipotoxicity [72]. Pioglitazone has also been associ-
ated with reduced rates of progression of carotid intimal media thickness (a surro-
gate marker of CV risk) and coronary atherosclerosis likely through direct effects 
on the vasculature itself [83–85]. These direct effects could be mediated through the 
PPARγ receptors found in endothelial, smooth muscle and immune cells where pio-
glitazone can lead to downstream anti-inflammatory and antioxidant effects that can 
reduce atherosclerotic plaque formation [72].
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Pioglitazone is a very low-cost anti-hyperglycemic agent with a durable glucose-
lowering effect. The two most common adverse effects are weight gain (typically 
around 2–3 kg) and peripheral edema which are both dose-dependent and can be 
difficult for patients to tolerate [72]. As discussed previously, the latter side effect is 
driven by sodium retention at the level of the distal tubule in the kidney, so medica-
tions such as spironolactone, triamterene, and amiloride might ameliorate this 
effect. However, all TZDs should be avoided in patients with decompensated heart 
failure [72]. This class of agents has also been associated with an increased risk of 
fracture, especially in women, and so should be avoided in those at high risk for 
fracture [69, 79, 86, 87]. An interim analysis of the PROactive trial prompted some 
concerns after it found a non-significant increase in the number of cases of bladder 
cancer in the pioglitazone arm of the study, but this association was not redemon-
strated in the full 10-year follow-up of the PROactive trial [66, 88]. The data since 
then has remained mixed with two randomized control trials and at least two other 
large cohort studies not demonstrating an increased risk of bladder tumors with use 
of thiazolidinediones, while a number of other studies (particularly several meta-
analyses) continue to demonstrate a small increased absolute risk of bladder cancer 
with these agents [69, 79, 89–94]. Given this ongoing controversy, the potential risk 
of bladder tumors should be discussed with patients and taken into consideration 
when using these agents.

 Dipeptidyl Peptidase-4 Inhibitors

Drugs in this class inhibit dipeptidyl peptidase-4 (DPP-4) from breaking down 
endogenous incretins such as GLP-1 thereby augmenting GLP-1’s previously noted 
beneficial downstream effects on insulin secretion. All the CVOTs for this class of 
agents (i.e., SAVOR-TIMI 53, EXAMINE, TECOS, and CARMELINA) demon-
strated CV safety with no improvement in cardiovascular outcomes when compared 
to placebo [95–98]. SAVOR-TIMI 53 trial found a 27% increased rate of hospital-
ization for heart failure with saxagliptin when compared to placebo (HR = 1.27 
[95% CI 1.07–1.51]) in their mixed primary/secondary prevention population of 
patients with T2DM, but this association has not been demonstrated in other mem-
bers of this class [95]. Several meta-analyses have supported the neutral impact on 
cardiovascular outcomes of these agents [99–101].

These are generally well-tolerated agents associated with minimal hypoglycemia 
risk but also only have modest glucose-lowering potential. Unlike the related GLP-1 
agonist class, these less potent agents are not associated with GI symptoms and are 
weight-neutral. Given the overlap in mechanism, DPP4i should not be used in con-
junction with GLP-1 agonists. Although the potential mechanism is unknown, as 
mentioned previously, saxagliptin use was associated with an increased rate of heart 
failure hospitalization and so should be avoided in those with heart failure. Although 
the association between these medications and the risk of acute pancreatitis is some-
what inconsistent across various studies, there is enough of a safety signal to 
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recommend avoiding this medication in patients at risk for pancreatitis [102–107]. 
Lastly, these agents are also quite costly.

 Older Agents: Metformin, Sulfonylureas, and Insulin

Cardiovascular safety data are more limited in some of our oldest glucose-lowering 
therapies as CVOTs were not mandated by the FDA for these agents. However, the 
data available largely supports the cardiovascular safety of these therapies.

Metformin decreases hepatic gluconeogenesis and improves insulin sensitivity. 
It is highly efficacious, low cost, has a low hypoglycemia risk, and promotes modest 
weight loss, making it an attractive first-line therapeutic agent for many practitio-
ners. In a cohort of overweight patients from the UK Prospective Diabetes Study 
(UKPDS), metformin use was associated with a 32% lower risk of the composite 
diabetes outcome (which included major macrovascular complications such as MI) 
(HR  =  0.68 [95% CI 0.53–0.87]) and a 36% reduction in all-cause mortality 
(HR = 0.64 [95% CI 0.45–0.91]) when compared to the “conventional therapy” arm 
which largely consisted of dietary counseling with the addition of sulfonylurea or 
insulin therapy if hyperglycemia developed [8]. In the 10-year follow-up study, 
though glycemic differences between the two groups were lost after 1 year, a signifi-
cant risk reduction in the composite diabetes outcome, myocardial infarction, and 
all-cause mortality was retained in the overweight patients who had previously been 
intensively treated with metformin [14]. Additionally, the results of the meta- 
analysis by Lamanna et  al. also support the cardiovascular safety of metformin, 
finding potential benefit of metformin when compared to placebo or no treatment 
and no impact on CV outcomes in active comparator trials [108]. A more recent 
large-scale retrospective cohort study of US veterans with diabetes and impaired 
kidney function found a decreased risk of MACE with metformin use when com-
pared to sulfonylurea therapy [109].

Metformin can lead to bothersome diarrhea that does improve over time and can 
be alleviated by taking the medication with food or as an extended-release formula-
tion. However, in a small minority of patients, this adverse effect, along with associ-
ated abdominal pains and gas, is poorly tolerated and a reason for patient 
non-adherence or discontinuation. There is also a risk of lactic acidosis in decom-
pensated heart failure and advanced CKD, so this agent should be avoided in those 
populations. B12 Deficiency can also develop after long-term use of this medication 
and should be monitored periodically.

Sulfonylureas are low-cost agents that are potent in their glucose-lowering abil-
ity. They work by increasing insulin secretion from the pancreatic beta cell so as a 
result they have similar side effects as insulin therapy including weight gain and 
hypoglycemia risk. There has historically been some concern about the cardiovas-
cular safety of sulfonylureas due to their inhibition of the ATP-sensitive potassium 
channels that are present on the myocardium as well as in the pancreatic beta cell. 
These channels play an important role in ischemic preconditioning, a means by 
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which the myocardium can adapt to an ischemic insult and limit the extent of the 
resulting damage [110]. Some early data indicating a possible increased cardiovas-
cular risk with an older sulfonylurea was echoed in some subsequent meta-analyses 
which found an increased risk of cardiovascular mortality with sulfonylurea use 
when compared to other glucose-lowering agents such as metformin [111, 112]. 
However, these concerns have largely been assuaged by the results of the 
CAROLINA trial which included over 6000 adults with T2DM with CV risk factors 
or a history of CVD and analyzed the outcomes of treatment with linagliptin versus 
the sulfonylurea glimepiride [113]. There was no difference in rates of MACE, all- 
cause death, CV death, or HHF between the two groups despite an expected and 
significant increase in the risk of hypoglycemia with sulfonylurea therapy [113]. 
Given that the CARMELINA trial found that linagliptin was non-inferior to placebo 
with regard to CV outcomes, it can reasonably be extrapolated that sulfonylureas (or 
at least glimepiride) have neutral effects on cardiac outcomes as well [98].

With regard to insulin, information about CV risk is hard to extract from the 
available data as insulin is often added on to other agents and typically reserved for 
more advanced stages of diabetes. Mechanistically, there are some data to suggest 
insulin might have some anti-inflammatory properties that could promote and 
improve endothelial function [114, 115]. In terms of data from large-scale clinical 
trials, the UKPDS found that the group treated with sulfonylurea or insulin had 
similar macrovascular outcomes as those in the diet-control group, and treatment 
with these agents did not lead to the benefits noted with metformin use in this study 
[8, 116]. Some more recent data from two large trials has lent credence to the 
hypothesis that insulin therapy is likely safe from a cardiovascular perspective. The 
ORIGIN trial, for example, found that the basal insulin glargine had no impact on 
cardiovascular outcomes when compared to standard care despite increases in 
weight gain and hypoglycemia [117]. The newer basal insulin degludec was shown 
to be non-inferior to glargine with respect to CV outcomes and associated with a 
lower hypoglycemia risk [118]. Insulin is of course essentially limitless in its 
glucose- lowering ability. In addition to issues with weight gain and hypoglycemia, 
insulin is an injectable agent that may also contribute to some reluctance from 
patients when initiating this therapy.

Despite being much less commonly used, meglitinides are similar to sulfonyl-
ureas, both in their mechanism of glucose-lowering (albeit with a shorter duration 
of action) and in their apparent cardiovascular neutrality [119]. Pramlintide is an 
amylin mimetic that is an injectable agent that can be used as an adjunctive therapy 
in patients requiring prandial insulin. From a cardiovascular perspective, this is 
likely to be a safe therapy, but as it cannot be mixed with insulin, the extra injections 
per day can be difficult to tolerate for most patients [120]. Several other older classes 
of glucose-lowering agents including alpha-glucosidase inhibitors, bile acid seques-
trants, and dopamine agonists are rarely used for glycemic management due to their 
limited efficacy and/or their side effect profile.
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 Implementing a Personalized Treatment Strategy in Patients 
with CVD

The wealth of good-quality cardiovascular safety data for the newest classes of dia-
betes agents has led to a paradigm shift in the focus of diabetes care. Although 
glucose control is still important in mitigating the risk of microvascular disease, 
these trials have diminished the relevance of tight glucose control in addressing the 
profound impact of macrovascular disease in this population. Given the clear and 
important cardiovascular advantages afforded by certain classes of glucose- lowering 
drugs, some of the most recent guidance on pharmacologic therapy in diabetes man-
agement has emphasized the importance of early adoption of these agents in the 
care of patients with T2DM. For example, the 2021 ADA’s Standards of Medical 
Care in Diabetes and the 2019 Update to the ADA-EASD Consensus Report recom-
mend that GLP-1 receptor agonists and/or SGLT2 inhibitors should be used in 
patients at high risk of CVD events, irrespective of hemoglobin A1c values or tar-
gets [121, 122]. High-risk patients include those with established CVD (i.e., those 
with a history of myocardial infarction, ischemic stroke, unstable angina, abnormal 
stress test, or any revascularization procedure), CKD, or heart failure and those 
55 years or older with >50% stenosis of any artery, left ventricular hypertrophy, 
eGFR <60  mL/min or albuminuria. Another similar approach put forth by the 
European Society of Cardiology and the European Association for the Study of 
Diabetes recommends risk stratifying patients based on the presence of preexisting 
ASCVD or microvascular complications, diabetes duration, and the burden of tradi-
tional metabolic risk factors such as hypertension and hyperlipidemia [123]. In 
these guidelines, for patients deemed to be highest risk for cardiovascular events, 
SGLT2i, or GLP-1 RA are recommended as first-line therapy even before metfor-
min. The American College of Cardiology Guidelines Expert Consensus Decision 
Pathway also recommends early use of these agents in patients with T2DM at high 
risk for CVD [124].

It is essential to then tailor the treatment approach based on the particular cardio-
vascular disease process that is of most concern in each individual patient (Fig. 37.1). 
For example, SGLT2i should be prioritized in patients with heart failure or nephrop-
athy given the robust improvement in these particular outcomes afforded by medi-
cations in this class. TZDs and saxagliptin would be best avoided in those with heart 
failure. By contrast, for those with a history of ASCVD including stroke, GLP-1 RA 
(particularly liraglutide, dulaglutide, and semaglutide) would be preferred with 
strong consideration of pioglitazone as well given its clear benefits in the stroke 
population in particular. This is especially true as the weight gain and fluid retention 
caused by TZDs might even be ameliorated by dual therapy with GLP-1 RA (weight) 
or SGLT2i (weight, edema).

37 Tailoring the Treatment of Type 2 Diabetes Mellitus to the Individual
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Lifestyle Management + Metformin

History of (or at extremely high risk) for

CAD HF Stroke CKD
PREFER

• GLP-1 RA
• SGLT2i
• Pioglitazone

PREFER

• SGLT2i

AVOID
• TZD
• Saxagliptin
• Metformin (if  
decompensated)

PREFER

• GLP-1 RA
• Pioglitazone

PREFER

• SGLT2i

If A1c remains above individualized target

• Add a different agent with proven benefit in that disease state
• If such agents are maximized or not tolerated, for each remaining drug class consider:

Additional benefits (i.e., weight loss)
Potential adverse effects (i.e., hypoglycemia, weight gain, GI, etc.)
Patient preferences
Cost

USE w/ CAUTION
(hypoglycemia risk)

• SU
• Insulin

Follow renal 
dosing strategies

for all 
medications.

USE w/ CAUTION
(hypoglycemia risk)

• SU
• Insulin

USE w/ CAUTION
(hypoglycemia risk)

• SU
• Insulin

AVOID 
• Metformin if 

if eGFR 30-45)
• SU if GFR <45-60
(No glyburide)

USE w/CAUTION
(hypoglycemia risk)

• Insulin

Fig. 37.1 Proposed approach to glucose-lowering in T2DM patients with CVD and/or CKD

Although the emphasis has shifted away from stringent glycemic targets in this 
population, a glycemic target around 7% if achievable without hypoglycemia 
remains a reasonable goal, mainly to prevent microvascular disease. Of course, the 
life expectancy and prevalent comorbidities of the individual patient need to be 
considered as well. Prevention of hypoglycemia is important in this population to 
avoid exacerbating the risk of arrhythmias or ischemia. When additional glucose- 
lowering is needed, the choice of subsequent agents should continue to prioritize the 
use of agents that have demonstrated cardiovascular benefits while weighing the 
practicalities surrounding use of the medication as well as the non-cardiovascular 
risks and benefits (Table 37.2).
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Table 37.2 Risks and benefits of most commonly used glucose-lowering drug classes

Class of agent CV advantages CV risks
Non-CV benefits 
and risks

SGLT2i
Canagliflozin
Dapagliflozin
Empagliflozin
Ertugliflozin
Sotagliflozin 
(SGLT1/SGLT2i)

Decreased CV mortality 
(empagliflozin)
Decreased MACE 
(empagliflozin, 
canagliflozin, sotagliflozin)
Decreased HF 
hospitalizations (all)
Low hypoglycemia risk
Modest decrease in BP and 
increase in HDL

Benefits
Weight loss
Decreased 
nephropathy
Risks
High cost
Dehydration
Increased risk of 
GU infections
Increased risk of 
DKA
Diarrhea 
(sotagliflozin)
Amputation risk? 
(canagliflozin)

GLP-1 RA
Dulaglutide
Exenatide
Liraglutide 
Lixisenatide
Semaglutide

Decreased CV mortality 
(liraglutide)
Decreased MACE 
(liraglutide, semaglutide, 
dulaglutide)
Decrease in non-fatal 
strokes (semaglutide, 
dulaglutide)
Low hypoglycemia risk

Increase HR by 2–3 
beats/min

Benefits
Weight loss
Decreased 
nephropathy
Risks
Pancreatitis risk?
Cholelithiasis risk?
Retinopathy? 
(semaglutide)
High cost
Injectable

TZDs
Pioglitazone
Rosiglitazone

Decreased MACE 
(pioglitazone)
Decreased stroke 
(pioglitazone)
Low hypoglycemia risk

Increased HF risk? 
(pioglitazone, 
rosiglitazone)

Benefits
Low-cost
Improvement in 
NASH
Risks
Weight gain
Edema
Bladder cancer?

DPP-4i
Alogliptin
Linagliptin
Saxagliptin
Sitagliptin

Low hypoglycemia risk Increased HF risk? 
(saxagliptin)

Benefits
Weight neutral
Risks
High cost
Pancreatitis risk?

Sulfonylureas
Glimepiride
Glipizide
Glyburide

Increased risk of 
hypoglycemia

Benefits
Low cost
Risks
Weight gain

(continued)
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Table 37.2 (continued)

Class of agent CV advantages CV risks
Non-CV benefits 
and risks

Metformin Potential ASCVD benefit
Low hypoglycemia risk

Lactic acidosis risk in 
decompensated HF

Benefits
Low cost
Weight neutral (or 
loss)
Risks
GI upset
B12 deficiency

Insulin Increased risk of 
hypoglycemia

Benefits
Unlimited 
glucose-lowering 
effect
Risks
Weight gain
Injectable

ASCVD atherosclerotic cardiovascular disease, BP blood pressure, CV cardiovascular, DPP-4i 
dipeptidyl peptidase-4 inhibitors, DKA diabetic ketoacidosis, GI gastrointestinal, GLP-1 RA 
GLP-1 receptor agonists, GU genitourinary, HDL high-density lipoprotein, HF heart failure, HR 
heart rate, MACE major adverse cardiac events, NASH non-alcoholic steatohepatitis, SGLT1 
sodium–glucose cotransporter 1, SGLT2i, sodium–glucose cotransporter 2 inhibitors, TZDs thia-
zolidinediones
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