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The concept of insulin resistance was placed on a firm scientific ground by 
Rosalyn Yalow and Solomon Berson in their Nobel prize-winning work, 
which described the development of radioimmunoassay (the first radioim-
munoassay was for insulin) [1]. The authors demonstrated that circulating 
insulin levels in individuals with type 2 diabetes were not low or absent, as 
was assumed at the time, but are often increased.

With one-third of the US population developing prediabetes and two-
thirds either overweight or obese, insulin resistance is arguably the most 
common disease-related condition in the United States and probably world-
wide. Although pathophysiology of insulin resistance is relatively well under-
stood, its specific causes in individual patients remain unknown (with some 
rare exceptions, e.g., in individuals with syndromes of extreme insulin resis-
tance due to the mutations of insulin receptor gene or autoantibodies to the 
insulin receptor). This is true even for such common conditions as obesity or 
type 2 diabetes mellitus. Further, a diagnosis of insulin resistance is virtually 
impossible to make with precision in a clinical setting and is difficult in a 
research setting.

When much about insulin resistance remains to be learned, it is useful to 
summarize the current state of the art. Because the roots of insulin resistance 
are often established in childhood, the current volume, edited by Drs. Philip 
S. Zeitler and Kristen J. Nadeau, is an invaluable resource for anyone inter-
ested in pathophysiology, diagnosis, and management of insulin resistance. 
The chapters, written by world-class authorities, cover the entire spectrum of 
knowledge about insulin resistance including molecular mechanisms of insu-
lin action, genetics, diagnosis, role of environment, puberty, pregnancy, and a 
variety of disease states. Exceptionally well written, referenced, and edited, 
the book is a welcome addition to the knowledge armamentarium of both 
pediatric and adult endocrinologists, as well as clinical investigators and 
basic scientists who continue to work tirelessly in order to shed more light on 
this common but still mysterious condition.

New York, NY, USA Leonid Poretsky, MD
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Since the publication of the first edition of this book, there has been substan-
tial progress in the understanding of insulin resistance and β-cell function, as 
well as the contribution of these two factors to the pathophysiology of type 2 
diabetes and other disorders associated with obesity. In particular, a deeper 
understanding of the unique pathophysiology of insulin resistance in child-
hood and the impact of insulin resistance across the lifespan is emerging. This 
understanding includes a greater appreciation of the impact of insulin action 
on development of body composition in the fetus, child, and adolescent; the 
unique impact of puberty and sex steroids; the role of insulin resistance in the 
fetus and early life in the programming of glucose metabolism and pancreatic 
function; the effect of insulin resistance on development of target organ 
abnormalities in the liver, kidney, and heart; and the now-established role of 
insulin resistance in the young as a risk for disease in adulthood. In the pro-
cess, there has been increased recognition that, beyond risk for the future, 
disorders related to insulin resistance are also having serious metabolic and 
cardiorenal impacts resulting in life-altering diseases at a time when indi-
viduals should be reaching their prime years for education, work, and family. 
As a reflection that insulin resistance in the young is having both short-term 
and long-term effects, we have changed the name of this book to Insulin 
Resistance: Childhood Precursors of Adult Disease.

In this second edition, we have again brought together experts in the field 
to provide a comprehensive overview and update on a wide variety of topics 
related to insulin resistance in youth. In some cases, these contributions are 
updated and timely chapters from the first edition. In other cases, we have 
added new chapters to address areas not previously covered. The first part of 
the edition addresses the clinical presentation and assessment of insulin resis-
tance in youth, as well as a new chapter on insulin resistance in chronic child-
hood disease, an increasing contributor to the clinical picture of insulin 
resistance in children. Part II reviews the pathophysiology of insulin resis-
tance in youth, including mechanism of insulin resistance and impact on 
metabolism, contributions of the in utero and early childhood environments, 
the growing understanding of the relationship between puberty and insulin 
resistance, and current perspectives on the role of body composition and ecto-
pic fat. It closes with reviews of the impact of insulin resistance on the heart, 
liver, and kidneys. Part III addresses unique clinical settings for insulin resis-
tance in youth, including type 1 diabetes, intrauterine growth retardation, and 
adolescent polycystic ovary syndrome. Finally, Part IV focuses on treatment, 
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with a discussion of whether insulin resistance itself should be considered a 
treatment target, as well as impact of exercise, weight loss medications, and 
bariatric surgery.

Insulin resistance continues to grow as a serious public health concern 
underlying the leading causes of morbidity and mortality in most of the 
world. This problem is increasingly affecting youth and threatens their long- 
term well-being and productivity, as well as boding crippling health-care 
costs. While we have made strides in understanding the root causes of insulin 
resistance, much remains to be explored in terms of molecular, biochemical, 
and physiological aspects of the disorder, as well as the human face reflected 
in the epidemiology, and how this understanding can be translated into inter-
vention. This second edition provides perspective on insulin resistance as it 
affects individuals across the lifespan. As with the first edition, we hope that 
bringing together these updated contributions will continue to spur interest in 
the topic on the part of clinicians and researchers, as well as public health 
experts and decisionmakers.

Aurora, CO, USA Philip S. Zeitler
   Kristen J. Nadeau 
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Clinical Manifestations of Insulin 
Resistance in Youth

Melinda E. Chen and Tamara S. Hannon

 Introduction

The obesity epidemic has led to a significant 
proportion of youth with comorbid conditions 
related to reduced insulin sensitivity, or “insulin 
resistance.” Insulin resistance manifests as a 
reduction in the metabolic effects of insulin on 
liver, muscle, and adipose tissue—the body tis-
sues that store energy. Because insulin directly 
or indirectly affects nearly every tissue in the 
body, physical signs of insulin resistance or 
associated conditions may be evident. These 
include skin findings, such as acanthosis nigri-
cans, and systemic conditions such as polycys-
tic ovary syndrome (PCOS) and the cluster of 
metabolic abnormalities referred to as the meta-
bolic syndrome. Prediabetes and type 2 diabetes 
are well- recognized diagnoses associated with 
insulin resistance in adults and are becoming 
more prevalent in children. The ongoing 
increase in obesity and insulin resistance makes 
a thorough understanding of this topic more 
salient to both pediatric endocrine and general 

pediatric practice. This chapter will provide an 
introduction to the understanding, the recogni-
tion of, and the care for insulin resistance in 
children and youth. Focusing on the core con-
cept of insulin sensitivity and its contribution to 
related clinical conditions, fundamental aspects 
of development and assessment of insulin resis-
tance will be briefly discussed. Additionally, 
recognition of various syndromes and health 
conditions associated with insulin resistance 
will be reviewed. Some are mild and a direct 
result of exogenously driven conditions, such as 
obesity-related insulin resistance. However, 
more severe forms of insulin resistance, such as 
the inherited lipodystrophies, can be the result 
of an endogenous genetic defect in insulin 
action. The current understanding of various 
medical and lifestyle interventions and reason-
able expectations for their success are also 
examined.

Because this chapter is intended to be an 
introductory review, the topics covered here will 
be necessarily brief, and a great deal of com-
plexity and interrelationships between the con-
ditions covered will be left to later chapters. The 
overarching concept that should be clear 
throughout the following pages is that youth 
with insulin resistance should be assessed, eval-
uated, and treated commensurate with the risks 
and outcomes known for their age group, which 
is not necessarily comparable to those found in 
adults.

M. E. Chen 
Department of Pediatric Endocrinology, University of 
Nebraska Medical Center, Children’s Hospital and 
Medical Center, Omaha, NE, USA 
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 Metabolic Effects of Insulin

Insulin has metabolic effects in virtually every 
tissue of the body. Insulin acts in balance with 
glucagon and other hormones to maintain glu-
cose homeostasis. Specifically, it acts as the 
anabolic end of the balance by encouraging cel-
lular uptake of glucose and glycogen synthesis. 
Simultaneously, it decreases glycogenolysis and 
gluconeogenesis and limits provision of sub-
strates (amino acids, fatty acids, and ketone 
bodies) for these processes, leading to a net 
effect of utilization of immediately available 
glucose [1, 2].

Once insulin binds to its target receptor, the 
exact pathway to the metabolic action of insulin 
depends on the tissue itself. In the liver, insulin 
inhibits glycogen phosphorylase, directly modulat-
ing glycogenolysis [1]. Insulin also decreases glu-
coneogenesis by decreasing free fatty acid and 
amino acid provision to the liver, as well as modu-
lating glucagon secretion that would otherwise pro-
mote gluconeogenesis [2, 3]. In addition, insulin 
directly inhibits ketone production in the liver [1].

In skeletal muscle and, to a lesser degree, adi-
pose tissue, insulin stimulates increased localiza-
tion of cytoplasmic glucose transporter 4/
GLUT-4 receptors to the cell membrane, result-
ing in greater intracellular glucose transport [4, 
5]. Insulin binding also triggers a coordinated 
series of responses that favor the use of immedi-
ately available glucose over use of amino acids 
[2]. This is achieved by increasing utilization of 
amino acids for protein synthesis, inhibiting 
breakdown [2], and more indirectly through the 
inhibition of gluconeogenesis [2, 3].

Insulin additionally inhibits lipolysis in adi-
pose tissue, thereby indirectly increasing glucose 
utilization as a fuel source in other tissues. 
Simultaneously, differential tissue effects of 
insulin favor the diversion of circulating lipids to 
adipose for storage, rather than for immediate use 
in muscle [6]. Decreased utilization of fatty acids 
minimizes available substrate for ketone produc-
tion, which would be used as an alternative 
source of fuel in the absence of glucose. The 
decreased substrate exaggerates the direct inhibi-
tion of liver ketone production [1].

Lastly, insulin exaggerates its own effects by 
negating hormonal stimulation toward opposite 
goals. It does this by directly inhibiting glucagon 
secretion, while hyperglycemia can induce soma-
tostatin, an additional inhibitor of glucagon 
secretion [3].

 Insulin Resistance

Insulin resistance is a fundamental underlying 
mechanism in the development of type 2 diabe-
tes. Whereas normal responsivity to insulin is 
integral for the multitude of tissue responses that 
contribute to glucose homeostasis, resistance to 
insulin action is characterized by diminishing 
metabolic response for a given degree of insulin 
secretion. Total body insulin resistance largely 
reflects reduced insulin action at the skeletal 
muscle tissue, resulting in lowered intracellular 
glucose uptake [5, 7], but tissue-specific effects 
are nevertheless important to understand overall 
effects of insulin resistance. Hepatic insulin 
resistance, for example, results in reduced inhibi-
tion of glycogen phosphorylase, increased 
hepatic glucose output, and reduced inhibition of 
ketone production [1, 5, 8]. Insulin resistance in 
adipose tissue results in increases in circulating 
lipids because of reduced insulin-mediated 
expression of genes vital for lipogenesis and, 
importantly, loss of suppression of hormone- 
sensitive lipase and lipoprotein lipase. Absent 
suppression of these enzymes controlling triglyc-
eride mobilization leads to inappropriate fatty 
acid secretion from the adipocyte [8], contribut-
ing to the dyslipidemia often seen in association 
with insulin resistance.

In childhood, normoglycemia is predomi-
nantly maintained in the face of insulin resis-
tance, where decreased tissue sensitivity is 
compensated for by higher insulin secretion to 
maintain normal glucose concentrations [9]. 
However, continued stress to the pancreatic 
β(beta)-cell, decreased total body insulin action, 
and increased demand for higher insulin concen-
trations can lead to progressive β(beta)-cell 
 dysfunction and failure [9]. Further exacerbation 
of insulin resistance and β(beta)-cell dysfunction 
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leads to an ever-greater mismatch between insu-
lin needs and insulin secretion, ultimately result-
ing in type 2 diabetes [9, 10].

Insulin resistance is directly measured by 
hyperinsulinemic-euglycemic clamp studies, 
which are unreasonable to do in the clinical set-
ting due to several practical barriers [11]. Fasting 
insulin, though easily obtainable in the clinical 
setting, is a poor correlate of clamp study results 
[10, 11]. Because of these issues, and because 
there are no widely accepted standards by which 
insulin resistance can be defined, assessment of 
insulin resistance in the clinical setting measur-
ing fasting insulin is generally not recommended 
[10].

 Contributory Factors to Developing 
Insulin Resistance

Risk factors for developing insulin resistance can 
be grossly divided into nonmodifiable or modifi-
able categories. Non-modifiable risk factors, 
though unavoidable, do not consistently affect an 
individual over time and may result in fluctuating 
risk for dysglycemia throughout the lifespan.

 Non-modifiable Factors

 Puberty
Puberty is associated with rapid growth and 
development during which anabolic hormones, 
including insulin, are required in higher concen-
trations. The physiologic insulin resistance asso-
ciated with the onset of puberty is thereby 
necessary to promote optimal growth and is natu-
rally a self-limited process [12, 13]. Nonetheless, 
it is during this time that the risk for developing 
conditions associated with insulin resistance is 
heightened [12]. Typically, insulin sensitivity is 
decreased 30–50% even in lean and healthy chil-
dren and is compensated for by a doubling of 
insulin secretion [12, 14]. In healthy children, 
this phenomenon is seen as early as the onset of 
puberty (Tanner 2), and insulin sensitivity returns 
to near prepuberty levels by the time puberty has 
completed [13].

 Genetics
The heritable nature of susceptibility to insulin 
resistance is frequently seen in clinical practice, 
with a family history of type 2 diabetes consid-
ered a risk factor for developing type 2 diabetes 
in the individual [15]. Nevertheless, the develop-
ment and progression of insulin resistance is 
multifactorial, and widespread genetic screening 
is not currently recommended. The list of genes 
associated with type 2 diabetes via increased pro-
pensity for insulin resistance or β(beta)-cell dys-
function is ever expanding, but the clinical utility 
of genetic studies is limited by expense and prac-
ticality, as well as overall usefulness. The many 
known polymorphisms explain only a small pro-
portion of interindividual phenotypic variance 
[16], and broad assessments of the use of bio-
markers have demonstrated only modest improve-
ments in the ability to predict development of 
type 2 diabetes [15].

 Epigenetics
More recently, research into the epigenetics of 
obesity has revealed potential implications for 
insulin resistance. Genome association studies 
demonstrating methylation alterations as a conse-
quence of adiposity have identified influences on 
genes involved in lipid transport or dyslipidemia 
[17], as well as genes previously implicated in 
insulin resistance and type 2 diabetes risk or 
other metabolic defects [17]. Though causation 
of insulin resistance is unknown, changes such as 
hypomethylation of particular regions predispose 
the individual to later development of type 2 dia-
betes, rather than appearing after the develop-
ment of insulin resistance or diabetes [16]. That 
the pattern of hypomethylation can be indepen-
dent of the DNA sequence itself is suggestive of 
an entirely separate layer of control over meta-
bolic processes affecting risk for insulin resis-
tance [16]. Some of these methylation differences 
are present even in young adulthood, and it is 
postulated that resultant differences in expres-
sion, even if initially minor, may have substantial 
impact on risk for developing type 2 diabetes 
over the long term. In addition, specific epigene-
tic studies of high-risk ethnic populations have 
demonstrated an association of specific loci with 
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high methylation scores and future development 
of type 2 diabetes relative to age- and gender- 
matched controls without diabetes, independent 
of more well-known risk factors.

Methylation is postulated to occur early in 
human development, including during fetal life. 
Infants who are born small for gestational age 
[18] are well known to be at risk for insulin resis-
tance and metabolic sequelae in later life [19]. 
Animal models have provided early evidence of 
possible mechanisms for these sequelae, includ-
ing methylation of genes that could result in 
decreased insulin sensitivity and altered response 
to lipid delivery to muscle cells, leading to meta-
bolic inflexibility that furthers insulin resistance 
at the level of the muscle cell [20].

 Ethnicity
Certain minority populations are well recognized 
to have a higher burden of type 2 diabetes, and this 
seems to be a reflection of their susceptibility to 
develop insulin resistance or to demonstrate inad-
equate compensatory insulin secretion. Physiologic 
differences have been revealed with ethnic minori-
ties demonstrating greater insulin secretion com-
pared to their non-Hispanic white peers, even at 
equal degrees of insulin sensitivity, causing subse-
quently higher β(beta)-cell stress [21]. In both 
healthy youth and youth with diabetes, for exam-
ple, African Americans have been shown to have 
lower visceral adipose tissue and higher insulin 
secretion at a given degree of insulin sensitivity, 
compared to non-Hispanic white counterparts [22, 
23]. Studies on racial differences in insulin sensi-
tivity show that while different ethnic groups have 
similar patterns of adaptation to insulin resistance, 
African Americans have somewhat lower insulin 
sensitivity than Latinos. This would require more 
exaggerated hyperinsulinemia to maintain eugly-
cemia, possibly creating greater demand on 
β(beta)-cells and encouraging decompensation 
with clinically evident dysglycemia [23–25]. 
Latinos, though they may have higher insulin sen-
sitivity than African Americans as a whole, tend to 
have more dramatic declines in measured insulin 
sensitivity as they become more obese [25]. 
However, the more fundamental differences 
between ethnic groups contributing to differences 

in insulin sensitivity and β(beta)-cell response are 
as yet unknown [25]. These inequities are aggra-
vated with higher treatment failure rates among 
African-American and Hispanic youth with diabe-
tes in comparison to non-Hispanic white youth in 
large treatment-based studies such as the TODAY 
study (Treatment Options for type 2 Diabetes in 
Adolescents and Youth) [26].

The predilection for obesity and insulin resis-
tance seems to be especially true when ethnic 
minorities are placed into an obesogenic environ-
ment, demonstrating a genetic vulnerability 
toward metabolic decompensation when exposed 
to the appropriate environmental stress on 
β(beta)-cell function. Native Americans, for 
example, have the highest prevalence of type 2 
diabetes in the SEARCH for Diabetes in Youth 
study, followed by African Americans, Hispanics, 
and Asians [27]. These differences are likely to 
be multifactorial, incorporating influences from 
genetics and epigenetics, as well as environmen-
tal stressors and cultural differences in diet and 
activity. There is some evidence for differential 
epigenetic changes in certain ethnic groups [17], 
while others have demonstrated some physio-
logic basis for these differences at the level of the 
β(beta)-cell.

 Modifiable Factors

Though characteristics such familial traits, genet-
ics, ethnicity, and the onset of puberty are uni-
formly unavoidable, other contributory factors 
toward insulin resistance can be successfully 
modified, though many patients struggle to do so.

 Obesity
Obesity, one of the most well-known contributors 
to insulin resistance, is a prevalent issue nation-
wide [28], with approximately 32% of children 
2–19 years considered overweight or obese and 
17% considered obese. This places approxi-
mately a third of the nation’s children at risk of 
complications associated with insulin resistance. 
Though alarming, this is only the beginning of a 
problem that increases exponentially by adult-
hood, with about 70% of the adult US population 

M. E. Chen and T. S. Hannon



7

>20  years old considered overweight or obese, 
about 38% of the population considered obese, 
and an estimated 12% of the population esti-
mated to have diabetes [29].

Consequently, the combination of obesity and 
puberty composes a “double hit” to adolescents 
in the development of pathologic insulin resis-
tance. Physiologic insulin resistance in puberty is 
already characterized by decreased glucose oxi-
dation and decreased insulin-mediated suppres-
sion of free fatty acid oxidation. Increased need 
for fat oxidation rising from obesity during 
puberty may exacerbate competition with glu-
cose oxidation and amplify glycemic manifesta-
tions of insulin resistance [12]. Meanwhile, 
obesity alone is associated with a measured insu-
lin response about half that seen in normal weight 
youth, after adjusting for individual insulin sensi-
tivity [30]. This indicates poorer β(beta)-cell 
function in the face of insulin resistance occur-
ring even among obese adolescent youth with 
normal glucose tolerance. Consequently, the 
insulin resistance of puberty in addition to exces-
sive substrate for fatty acid oxidation may create 
enough demand to overwhelm β(beta)-cells 
resulting in prediabetes or diabetes, particularly 
in those patients who are predisposed to have 
underlying β(beta)-cell dysfunction.

The fundamental role of obesity in the devel-
opment of insulin resistance becomes especially 
important when the epidemiology of the condi-
tion is considered. Unfortunately, those race/eth-
nic groups that already show a preexisting 
vulnerability toward insulin resistance often have 
higher rates of obesity, with almost 40% of 
Hispanic youth being overweight or obese and 
about 35% of African-American youth being 
overweight or obese [28]. This trend continues in 
the more severe categories, with 22% and 20% of 
Hispanic and African-American youth, respec-
tively, categorized as obese, compared to 14% of 
non-Hispanic white youth [28]. This distribution 
of obesity essentially places the greatest physio-
logical stress on those individuals who are intrin-
sically most likely to decompensate from that 
stress and places a disproportionate burden of 
morbidity from type 2 diabetes and metabolic 
syndrome within these populations.

 Diet and Lifestyle
One important factor in constant interaction with 
ethnic or genetic predisposition toward insulin 
resistance is the surrounding environment [31]. 
The influence of an “obesogenic environment” 
common to a Westernized lifestyle, correspond-
ing to higher fat, salt, sugar, refined grains, and 
high-calorie foods, and lacking in physical activ-
ity has been reported especially within countries 
with higher income levels [32, 33]. While the 
effects of an unhealthy diet can impact anyone, 
this influence is seen most strikingly in groups 
that shift toward higher rates of obesity upon 
encountering a truly obesogenic lifestyle for the 
first time. A number of studies, for example, have 
shown that adolescent and adult immigrants to 
the United States from lower-income countries 
have an increasing prevalence of obesity with 
increased years since immigration and, over the 
long term, the prevalence begins to approach 
rates similar to the country to which they have 
immigrated [33, 34]. This trend, on large national 
surveys, is at least present among Hispanics and 
Asians, two ethnic groups that are particularly 
susceptible to developing insulin resistance. 
Furthermore, these populations are less likely to 
discuss diet and exercise options with their clini-
cians, potentially leading to an education gap that 
can increase their participation in obesogenic 
habits [34].

Even in children, a similar association seems 
to hold true, with children of acculturated parents 
(i.e., having lived in a higher-income country for 
a longer period of time and implicitly having 
adapted more of the surrounding obesogenic 
behaviors and diet) much more likely to be over-
weight or obese than children in the originating 
country, children of new immigrants, or even 
children native to the high-income country [33, 
35]. When examining dietary shifts, changes 
toward increased consumption of processed 
foods and decreases in high-fiber, high-nutrient 
foods are often reported particularly in younger 
generations, though it is by no means exclusive 
[32]. This shift is likely the result of multiple 
influences [32], including food availability 
(forced shift away from traditional foods), rela-
tive income (lower income possibly creating a 
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reliance on cheaper and lower quality foods), 
education level, generation (younger generations 
being reported as more likely to change dietary 
habits), and others. These generalizations 
between time and risk for obesity, however, are 
often drawn from studies that fail to draw a dis-
tinction between acculturation (assimilation and 
exchange of cultural behaviors) and encultura-
tion (a lesser degree of assimilation despite living 
within a different culture). Among studies that 
used scales to measure degree of acculturation 
rather than time from immigration in relationship 
with the development of obesity, there is gener-
ally a positive association between high degrees 
of acculturation and higher risk for obesity. 
Authors have theorized that migration forces a 
more rapid nutritional transition toward increased 
consumption of high-fat foods that are lower in 
nutrition, a transition that would normally occur 
over years along with the economic development 
of their country of origin [36].

 Physical Activity
The other end of the equation in caloric balance 
affecting insulin resistance is the degree of physi-
cal activity. Longitudinally, a shift toward more 
sedentary activities is part of the obesogenic life-
style. A lack of calorie expenditure leading to 
overall caloric excess can lead to increased 
weight gain, increasing fatty acid oxidation as 
competition for glucose oxidation as outlined 
above. However, even moderate physical activity 
increases muscle cell uptake of glucose by 
insulin- independent mechanisms. Exercise mod-
ulates translocation of the same GLUT4 trans-
porters that are typically controlled by insulin 
secretion [37], increasing glucose uptake in an 
additive manner to insulin-mediated mechanisms 
and contributing to more efficient glucose 
homeostasis overall [38].

 Conditions Associated with Insulin 
Resistance

Though the development of type 2 diabetes is the 
most obvious and direct consequence of insulin 
resistance and β(beta)-cell stress that proceeds 

unchecked, there are myriad other associations 
that healthcare providers should be aware of and 
screen for as indicated. Like insulin resistance, 
many of these conditions are more commonly 
seen in adulthood, but can certainly affect the 
pediatric population. Many of these disease asso-
ciations and syndromes are not entirely surpris-
ing, given the multiorgan effects of insulin even 
beyond glucose homeostatic mechanisms. 
Resistance to insulin-mediated control of circu-
lating fatty acids may predispose to worsening 
dyslipidemia, a well-known risk factor for car-
diovascular disease. Insulin, in addition, increases 
androgen synthesis and simultaneously decreases 
liver production of sex hormone-binding globu-
lin, thus providing a mechanism for the reproduc-
tive disruption seen in PCOS [39, 40]. 
Consequently, insulin resistance itself is associ-
ated with many well-known diseases and syn-
dromes that incorporate other organ and system 
effects of insulin.

 Metabolic Syndrome

In adults, the metabolic syndrome is comprised 
of a collection of cardiovascular risk factors 
associated with insulin resistance, including 
abdominal obesity (elevated waist circumfer-
ence), hypertension, dyslipidemia, and dysgly-
cemia. Approximately one-third of the adult 
population is estimated to have metabolic syn-
drome according to 2003–2012 National Health 
and Nutrition Examination Survey (NHANES) 
data [41]. Of note, criteria for metabolic syn-
drome in the adult population are known to 
underdiagnose the condition in certain ethnic 
populations, and thus the reported prevalence of 
the syndrome in African Americans may in fact 
be an underrepresentation [42].

With the increase in pediatric obesity, greater 
attention has been given to criteria that would be 
analogous in the pediatric population. As always 
in pediatrics, the growth and ever-changing 
physiology of children create a unique challenge 
in the recognition of important health condi-
tions, and a single standard definition does not 
yet exist. Furthermore, the absence of long-term 
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epidemiologic data linking any definition of 
metabolic syndrome to cardiovascular risk 
makes the designation of an evidence-based defi-
nition of metabolic syndrome impossible. 
However, based on extrapolation from adults, 
the International Diabetes Federation defines 
metabolic syndrome in children 10 to <16 years 
old as the presence of obesity >90th percentile 
by waist circumference, replacing the adult cri-
terion for waist circumference alone, and the 
presence of at least two other criteria defined 
similarly to adults (hypertriglyceridemia, low 
high-density lipoprotein [HDL], hypertension, 
and dysglycemia or type 2 diabetes) [43]. 
Meanwhile, children 16 and older should be 
diagnosed according to adult criteria, and chil-
dren <10 do not have particular criteria for diag-
nosis of metabolic syndrome, but should be 
screened for risk factors if abdominal obesity 
>90th percentile by waist circumference is pres-
ent and if their family history of metabolic syn-
drome or cardiovascular risk is strong. Based on 
adolescent-adapted criteria, the overall preva-
lence of metabolic syndrome in patients 
12–19 years old is thought to be about 10%, with 
an overall higher prevalence in males, Hispanics, 
and non-Hispanic whites [42]. In recent years, 
the prevalence of metabolic syndrome has been 
seen to decrease slightly in youth [42], while the 
prevalence has stabilized but not decreased 
among adults [41].

Like insulin resistance, the presence of meta-
bolic syndrome has been shown to differ by eth-
nic group [21], and the prevalent components of 
metabolic syndrome also differ by ethnic back-
ground. African Americans, for example, have a 
somewhat lower prevalence of the diagnosis 
overall and are less likely than non-Hispanic 
whites to have dyslipidemia, but are more likely 
to demonstrate hypertension [21].

In the pediatric population, as in adults, the 
association between obesity and metabolic syn-
drome is strong, with higher prevalence in more 
severe degrees of obesity. In a population of 
obese children, almost 40% of moderately obese 
subjects and almost half of severely obese sub-
jects met criteria for metabolic syndrome, while 
overweight or normal weight subjects are unlikely 

to meet criteria [44]. Severely obese white sub-
jects have an especially high rate of metabolic 
syndrome even with an intermediate degree of 
insulin resistance. Other studies have shown the 
dyslipidemia associated with insulin resistance 
(low HDL, high triglycerides) is frequently found 
in adolescents [21].

In addition, the prevalence of metabolic syn-
drome increases with increasing insulin resis-
tance, even after adjusting for race or obesity 
[44]. When followed longitudinally without 
intervention, most youth persisted in having met-
abolic syndrome and even progressed at 2-year 
follow-up, with lower body mass index (BMI) 
being associated with a lower likelihood of per-
sisting. This alarming persistence of cardiovascu-
lar risk factors early in life warrants close 
attention, follow-up, and intervention.

 Prediabetes and Type 2 Diabetes

Insulin resistance is a major contributing factor to 
the development of prediabetes and type 2 diabe-
tes. Within the general adolescent population, the 
prevalence of prediabetes (either impaired fasting 
glucose [IFG] or impaired glucose tolerance 
[IGT]) has been reported to be approximately 
16.1% [45]. This is compared with 27.5% of US 
adults with prediabetes [46]. As with the predia-
betic state, adults represent a far greater propor-
tion of the burden of type 2 diabetes within the 
United States with a population prevalence of 
about 12.3 per 100 compared to 0.5 per 1000 in 
individuals <20 years of age [47]. Though adults 
have also seen greater increases in the prevalence 
of diabetes within the population, the recent 
30–35% increase in type 2 diabetes in youth is 
nevertheless alarming [27, 48].

 Polycystic Ovary Syndrome (PCOS)

Other hormonal alterations in association with 
insulin resistance together form the polycystic 
ovary syndrome (PCOS) in adolescent females—
a collection of symptoms that classically encom-
passes chronic anovulation, polycystic ovaries, 
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and hyperandrogenism [49]. Signs of insulin 
resistance are commonly present, and there is 
increased risk for the development of glucose 
intolerance and type 2 diabetes [50]. As with 
metabolic syndrome, PCOS was first defined in 
adults but is increasingly recognized within the 
pediatric population. And like metabolic syn-
drome, diagnostic criteria for PCOS are less clear 
in youth, owing to practical differences in clinical 
evaluation and assessment. Some elements of 
PCOS, such as irregular menses and anovulation, 
can be seen as components of normal puberty, 
making diagnosis more difficult [49, 51]. The 
core pathophysiological elements of hyperan-
drogenism, insulin resistance, and anovulation 
remain the same. However, thresholds for declar-
ing these abnormalities differ by criteria, and cur-
rently obesity and measures of insulin resistance 
are not included in most proposed diagnostic cri-
teria for adolescents.

Hyperandrogenism can be assessed as clinical 
symptoms or biochemical evidence. Cutoffs for 
laboratory tests when evaluating for biochemical 
evidence of hyperandrogenism differ by develop-
mental stage and must be evaluated within the 
clinical context [51]. Currently, biochemical 
evaluation lacks standardization between assays 
and, especially in younger females, sensitivity to 
detect lower levels. Though some cutoff values 
have been proposed, these depend on the use of 
reliable assays and laboratories [49]. The assess-
ment of hirsutism in a female who is not yet fully 
pubescent is difficult and highly subjective. The 
use of a Ferriman–Gallwey score has many limi-
tations even in adults, among them subjectivity 
and ethnic variation, and data on use in adoles-
cents is even more scarce. Acne vulgaris is com-
mon during puberty, though moderate or severe 
acne early in puberty is less common and should 
prompt further evaluation [49].

Though the presence of oligomenorrhea is 
recommended as a diagnostic feature in some cri-
teria, the clinical assessment of menstrual irregu-
larity in adolescents is confounded by the fact 
that anovulatory cycles may persist for years 
after menarche even in normal females. However, 
the overall pattern is to have progressively more 
regular cycles with time, causing some experts to 

recommend considering menstrual intervals of 
<20 days or >45 days 2 or more years after men-
arche, or consecutive menstrual intervals 
>90 days at any point, as evidence of persistent 
amenorrhea [49]. The presence of ovaries meet-
ing the adult definition of “polycystic” is actually 
quite common in normal adolescent females, so 
is an unreliable predictor for PCOS. Consequently, 
most criteria do not require visualization of poly-
cystic ovaries themselves for diagnosis in adoles-
cents [52].

PCOS is well recognized to be associated with 
insulin resistance. Hyperinsulinemia is associ-
ated with increased androgen production and 
decreased sex hormone-binding globulin (SHBG) 
production. This creates functional hyperan-
drogenism that impairs normal GnRH regulation 
and creates or exacerbates the menstrual irregu-
larities characteristic of PCOS [49, 52, 53]. Thus, 
the presence of insulin resistance should raise 
greater concern for PCOS, and the reverse is also 
true. However, currently, no adolescent criteria 
require obesity, insulin resistance, or hyperinsu-
linemia [49]. These and other commonly seen 
features in PCOS overlap with several features of 
metabolic syndrome, and the prevalence of meta-
bolic syndrome is thought to be 37–47% within 
the adolescent PCOS population—higher than in 
adults with PCOS and much higher than in the 
general population [53]. Adolescents with PCOS 
have a similar fasting glucose and higher concur-
rent fasting insulin even compared to obese ado-
lescents and a roughly 50% reduction in 
peripheral insulin sensitivity and subsequent 
higher insulin secretion during a hyperglycemic 
clamp [52]. Adolescents may have exaggerated 
compensatory insulin secretion in response to the 
insulin resistance of PCOS, in contrast to a dys-
functional secretory response, suggesting that 
adult PCOS could represent an extension of 
adolescent- onset PCOS.  In this postulated sce-
nario, a longer time of disease exposure results in 
gradual dysfunction and failure of β(beta)-cells 
to compensate for increased insulin resistance 
over the long term. In addition, recognition of 
these differences in adults and adolescents in 
PCOS could indicate that differential treatment 
by age and clinical stage may be warranted [52].
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Current treatment of PCOS in the pediatric 
population, while materially similar to adults, 
should be approached differently in the clinic. 
Intervention has been shown to benefit hirsutism, 
quality of life, and cardiovascular risk profile at 
least in the short term [49]. While adolescents 
may consider issues of fertility to be a less imme-
diate concern, lifestyle modifications, if success-
fully implemented, can still be beneficial to 
quality of life. Oral contraceptive pills, especially 
antiandrogenic forms such as drospirenone- or 
cyproterone-containing formulations, can help to 
combat hyperandrogenism and restore regular 
menses, but may worsen insulin resistance or 
other cardiovascular risk factors such as dyslipid-
emia [51]. In addition, considering the postulated 
fundamental role of insulin resistance in driving 
other features of PCOS, insulin sensitizers such 
as metformin have been shown to increase glu-
cose tolerance and decrease androgen concentra-
tions, in some studies promoting improved lipid 
profiles and restoring regular menses when in 
combination with lifestyle interventions [54, 55].

 Nonalcoholic Fatty Liver Disease 
(NAFLD) and Nonalcoholic 
Steatohepatitis (NASH)

Nonalcoholic fatty liver disease (NAFLD) is the 
most common chronic liver disease in pediatric 
patients [56]; estimates of the prevalence of 
NAFLD are about 30–40% in obese youth [56]. 
The clinical spectrum can range from mild ste-
atosis to cirrhosis. Hispanic individuals have the 
highest risk, and Asian and non-Hispanic white 
individuals have a higher risk of hepatic steato-
sis than African Americans. Studies consistently 
show higher prevalence of NAFLD among those 
with insulin resistance [57] and a higher likeli-
hood of persistence of glucose dysregulation 
among patients with NAFLD [58]. Others have 
suggested that because fatty liver can be seen 
even before frank type 2 diabetes has developed, 
and because steatotic livers tend to be insulin 
resistant and produce excess glucose, NAFLD 
may be a contributor toward the progression of 
insulin resistance to type 2 diabetes [59]. 

However, few studies have truly addressed cau-
sality in the association between insulin resis-
tance and NAFLD.

About a fourth of children in the Nonalcoholic 
Steatohepatitis Clinical Research network had 
prediabetes, and 6.5% had type 2 diabetes, rates 
far higher than within the general pediatric popu-
lation. Children with evidence of dysglycemia 
tend to be older and more obese, with a higher 
waist circumference. In addition, females with 
NAFLD are more likely to have prediabetes and 
type 2 diabetes than males with NAFLD [57], 
despite a clear predominance of males within the 
overall population with NAFLD.

The frequent coexistence of type 2 diabetes 
and NAFLD in adults is even more clinically rel-
evant because type 2 diabetes is associated with 
nonalcoholic steatohepatitis (NASH), the more 
progressive form that is more often associated 
with end-stage liver disease. As in adults, bio-
chemical or clinical evidence of insulin resis-
tance is associated with NASH, and individuals 
with type 2 diabetes and NAFLD have approxi-
mately double the risk of NASH compared to 
those with normal glucose tolerance.

 Lipodystrophies: Inherited 
and Acquired

Four broad categories of genetic lipodystrophies 
exist, each with multiple genetic causes or mul-
tiple subtypes: (1) congenital generalized lipo-
dystrophy, (2) acquired generalized lipodystrophy, 
(3) familial partial lipodystrophy, and (4) 
acquired partial lipodystrophy—though lipodys-
trophy can also be a feature of other syndromes. 
In particular, lipodystrophy secondary to highly 
active antiretroviral therapy (HAART) is not 
genetically inherited but is now the most  common 
form of lipodystrophy, present in about half of 
patients receiving HAART.

Lipodystrophy is rare in children, with an 
overall prevalence of less than one in a million 
individuals. The disorder consists of the absence 
of adipose, either generalized or partial. 
Consequently, individuals can appear unusually 
muscular; but despite this clinical feature, insulin 
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resistance is frequently found in association with 
lipodystrophies. When adipocytes are not pres-
ent, lipid molecules normally stored within the 
adipocyte are stored in other organs, including 
the muscle, myocardium, pancreas, and liver, 
causing metabolic instability [60]. Metabolic 
derangements can occur when the limited ability 
to store triglycerides causes increased fatty acid 
circulation. Increased substrate availability pro-
motes utilization by skeletal muscle, competing 
with glucose utilization, thus resulting in clinical 
manifestations of insulin resistance [61]. 
Specifically, diabetes, hypertriglyceridemia, and 
acanthosis nigricans are frequently reported in 
association with lipodystrophy, and PCOS is 
common in women with lipodystrophy [62] 
Women with partial lipodystrophy may have 
more severe manifestations of metabolic compli-
cations in general [63]. The insulin resistance can 
be worsened by reduced levels of leptin in 
patients with severe loss of adipose tissue, pro-
moting increased appetite that can make insulin 
resistance harder to treat clinically [64].

The prevalence of diabetes mellitus in lipo-
dystrophy patients varies by type from 35% to 
70%. Patients with acquired generalized lipodys-
trophy have the highest rate of diabetes mellitus, 
though patients with congenital generalized lipo-
dystrophy have the youngest age of onset. In 
these patients, diabetes can present as young as 
school age. However, the absence of ketosis and 
presence of acanthosis nigricans and elevated 
serum insulin suggests dysglycemia secondary to 
insulin resistance rather than an autoimmune pro-
cess [62].

The etiology of lipodystrophies involves 
mutations directly related to lipid storage or adi-
pocyte differentiation and function. As adipo-
cytes are an important target of insulin action and 
vital for decreasing fatty acid circulation and 
competition for glucose oxidation, any funda-
mental disruption in this process would directly 
decrease tissue responsiveness to insulin. Of the 
known genetic mutations resulting in autosomal 
recessive congenital generalized lipodystrophy, 
many—including AGPAT2, BSCL2, CAV1, and 
PTRF—are related to appropriate adipocyte 
development and function [64]. In (mostly) auto-

somal dominantly inherited familial partial lipo-
dystrophy, the most commonly mutated gene is 
LMNA, encoding lamin A and lamin C, which 
are thought to result in abnormal nuclear interac-
tion with transcription factors involved in adipo-
genesis [65], or premature apoptosis in 
adipocytes. Mutations in PPARG, a regulator of 
adipogenesis and target for thiazolidinediones 
[66], are present in many cases of lipodystrophy, 
while PLIN1 mutations affect a protein that is 
necessary for normal lipid storage [60].

Acquired lipodystrophy seen with HAART 
therapy may be related to protease inhibitor inhi-
bition of zinc metalloprotease, which is involved 
in processing of lamin A, thus possibly resulting 
in lipodystrophy in a manner similar to LMNA 
mutations [67].

Management of lipodystrophies primarily 
centers on management of metabolic abnormali-
ties. As with other patients with insulin resis-
tance, diet and exercise are important. A 
recommended diet for lipodystrophy patients 
contains a somewhat lower proportion of carbo-
hydrate compared to other patients, at about 
50–60% of daily calories [64]. In addition, many 
patients require metformin, or a combination of 
metformin and insulin; insulin needs may be sub-
stantial due to the severe insulin resistance. 
Though metreleptin, or recombinant human 
leptin, has not been effective in treatment of insu-
lin resistance in obese subjects, who presumably 
have high endogenous levels of leptin, the admin-
istration of metreleptin seems to be beneficial for 
lipodystrophy patients who have low baseline 
levels of leptin [68]. In very limited data avail-
able on metreleptin use in children, it reduces 
serum insulin and hemoglobin A1c when used in 
combination with lifestyle changes [62]. 
Metreleptin continues to be experimental for par-
tial lipodystrophy.

 Interventional Options

In both adults and children with insulin resis-
tance, lifestyle modifications including diet and 
exercise have long been mainstays of treatment. 
Many intervention studies are multifaceted, aim-
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ing to alter both, and seem to show overall 
improvement in insulin resistance when there is 
weight loss and supervised physical activity [69, 
70]. Studies that examine exercise or diet modifi-
cations alone are few, and results have been vari-
able. Aerobic exercise specifically has been 
associated with improvement in insulin resis-
tance in some studies [71], whereas resistance 
exercise has been shown to improve insulin resis-
tance in male adolescents but not females [72, 
73]. Studies assessing exercise independent of 
weight loss or attempted calorie restriction show 
transiently improved insulin sensitivity. While 
physical activity alone does not completely 
reverse the metabolic consequences of obesity 
alone, studies specifically examining physical 
activity suggest independent contributions from 
obesity and physical inactivity toward cardiomet-
abolic risk [74]. Some have noted correlations 
between insulin sensitivity and changes in body 
composition, suggesting that improvements can 
come from changes in adiposity and muscle 
mass, even without weight change. Other studies 
show inverse associations between the time spent 
on moderate and vigorous physical activity and 
fasting insulin in adolescents, a relationship that 
remains relevant regardless of the time spent sed-
entary [75]. Perhaps most encouraging for the 
sedentary obese individual, greater improve-
ments come from the transition from being sed-
entary to being moderately active, though 
additional benefits accrue from greater degrees of 
exercise [73].

Though significant periods of exercise may 
be difficult to achieve as a consistent lifestyle 
change, adult data suggest that even small 
improvements in daily physical activity can lead 
to positive gains. Studies examining various 
degrees of interrupted sedentary activity show 
that at least moderate activity is required to 
induce a change in ATP production that would 
likely lead to weight change, but even light activ-
ity could result in modulated glucose uptake and 
improved postprandial glycemic indices within 
days of intervention, possibly through both 
activity- and insulin-mediated pathways [37]. 
Adults with type 2 diabetes who replaced several 
hours a day of sitting with standing or light 

walking have been shown to have significantly 
lower glycemia over a 24-hour period compared 
with adults who did not replace periods of sitting 
with activity. Over the course of 4–5 days, insu-
lin sensitivity also improved in groups that 
replaced periods of sitting with exercise. These 
changes appear to occur through mediation of 
contraction-induced glucose uptake rather than 
insulin-mediated glucose uptake. Thus, improve-
ment in insulin sensitivity can be seen even over 
a short period of dedicated increase in non-stren-
uous activity [76, 77].

Reversal of obesity may also reverse its dele-
terious effects in the insulin-resistant individual. 
In cohort studies that demonstrate successful 
weight control through intensive lifestyle inter-
vention, an improvement in insulin sensitivity 
can be seen with a BMI-SDS (standardized BMI) 
reduction as small as 0.25–0.5 mg/m2—a differ-
ence that was most apparent among pubertal and 
extremely obese children [69]. Clinically, this is 
manifested as improvement in rates of successful 
medical treatment with the addition of lifestyle 
intervention in youth with type 2 diabetes, though 
the overall treatment success rates were still dis-
couraging [78].

More holistic lifestyle intervention programs 
have been shown to prevent the progression of 
prediabetes to diabetes in adults, but similar 
programs have not been as frequently studied in 
the pediatric population. In an intensive diet, 
exercise, and behavioral modification program 
for children with clinically measurable insulin 
resistance, children showed greater improve-
ments in insulin sensitivity compared to those 
receiving counseling alone. In addition, a 
greater proportion of children in the intensive 
program converted to normal glucose tolerance 
as shown by oral glucose tolerance test (OGTT) 
on follow-up [79].

While insulin sensitizers such as metformin 
have been studied in adults and shown to 
decrease risk for type 2 diabetes, equivalent 
studies in children are scarce. Several studies 
have shown modest benefit of metformin in 
reducing BMI in obese children in the short term 
only [18, 80–83]. These studies have been lim-
ited by small size, and differences in measures of 
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insulin resistance have been modest [80]. At this 
time, metformin is only approved for use in 
youth with type 2 diabetes. Metformin is an 
accepted part of treatment of PCOS, but few 
studies have closely examined the effect of the 
medication alone on long-term risk for progres-
sion in the obese, insulin-resistant child.

 Conclusions

The phenomenon of insulin resistance is wide-
spread among both adults and youth. Insulin 
resistance can exist without further clinical 
symptoms or in the context of several syndromes 
that can further negatively impact an individual’s 
health; most importantly, insulin resistance can 
be present even with normal glucose tolerance. 
The risk for insulin resistance is greatly increased 
in the setting of obesity, and youth have unique 
risk factors, such as puberty, that create added 
stress to the β(beta)-cell.

Syndromes that were previously associated 
with adulthood—such as fatty liver, metabolic 
syndrome, and PCOS—are now frequently recog-
nized in association with insulin resistance in 
youth. As in adults, these syndromes have a great 
deal of overlap with each other and convey addi-
tional cardiovascular risk and potential long-term 
health consequences. The early onset of these syn-
dromes is alarming, as the lengthened time of 
exposure likely places adolescents at higher risk of 
developing end-organ damage and long-term con-
sequences, which will then cause personal health 
and healthcare system burden on a massive scale.

Many, if not all, interventions recommended 
as effective treatment for insulin resistance, pre-
diabetes, or type 2 diabetes require diligence on 
the part of both patient and provider. Poor adher-
ence observed in clinical practice is a testament 
to the difficulty of building new and healthier 
habits. However, patients and providers may be 
encouraged that improvement in insulin resis-
tance and general health does not always require 
herculean transformation and that small victories 
and simpler interventions are not wasted. Small 
changes to BMI or moderate interruptions to an 
otherwise sedentary lifestyle can create improve-

ments to cardiovascular risk factors that, though 
modest, could have impressive impact on the 
population scale. Therefore, prompt attention and 
intervention to obesity and insulin resistance to 
prevent adverse long-term health consequences 
are both vital and urgent, in order to provide the 
greatest benefit to patients.
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Techniques to Assess Insulin 
Action in Youth

Sara Fleet Michaliszyn and Silva Arslanian

 Assessing Insulin Sensitivity

Obesity, metabolic syndrome, prediabetes, 
and type 2 diabetes all have insulin resistance 
as a common pathophysiologic contributor. 
Therefore, the assessment of insulin sensitivity 
provides both researchers and clinicians with 
information to objectively evaluate the efficacy 
of interventions to reverse the escalating rates 
of these disorders. There are two very important 
considerations when assessing glucose metabo-
lism: (1) in vivo insulin action or the sensitivity 
of body tissues to insulin and (2) the pancreatic 
β(beta)-cell response to glucose. Though investi-
gations in the field of insulin resistance have been 
ongoing in adults for several decades, the study 
of insulin resistance in pediatrics has emerged 
more recently. This chapter will discuss not only 
the various methodologies for assessing insulin 
sensitivity but also simple surrogate estimates 
that can be valuable in large-scale epidemiologi-
cal studies.

 Techniques

 Insulin–Glucose Clamp Technique

The insulin–glucose clamp technique [1] is uni-
versally accepted as the gold standard in deter-
mining insulin-stimulated whole-body glucose 
disposal, insulin sensitivity, and pancreatic insu-
lin secretion. This technique is advantageous 
because (1) both glucose and insulin levels are 
controlled, or “clamped,” at the desired experi-
mental level; (2) both hepatic and peripheral 
tissue insulin sensitivity can be measured when 
conjoined with isotope infusion; (3) when com-
bined with indirect calorimetry, substrate oxida-
tion can be calculated with assessment of glucose 
oxidation and storage; and (4) the test is highly 
reproducible, with a coefficient of repeatabil-
ity of 1.0 and low intraindividual coefficient of 
variation [2–4]. However, only a few pediatric 
centers in the United States utilize this technique 
for research purposes, because it is time consum-
ing, labor intensive, and expensive and requires 
significant participant burden and highly skilled 
one-to-one research nursing and a “clamper” 
familiar with the technique. The two variations 
of the clamp technique are the hyperinsulinemic–
euglycemic clamp and the hyperglycemic clamp.

 Hyperinsulinemic–Euglycemic Clamp
The hyperinsulinemic–euglycemic clamp is the 
standard test for determining peripheral insulin 
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sensitivity, particularly muscle, which consumes 
approximately 70% of infused glucose under 
hyperinsulinemic conditions [5]. The goal of the 
hyperinsulinemic clamp technique is to acutely 
raise and maintain the plasma insulin concentration 
at the desired experimental level through a constant 
rate infusion of insulin, while holding the plasma 
glucose concentration constant at euglycemia or at 
another desired concentration based on experimen-
tal design; in other words, both insulin and glucose 
levels are “clamped” during the procedure. The 
clamp technique requires the following materials:

 1. Vascular access to an antecubital catheter for:
 (a) Infusion of insulin and glucose
 (b) An “arterialized” heated-hand intravenous 

line for frequent sampling of blood to mea-
sure glucose concentration derived from 
the arterial equivalent of venous data [6]

 2. Bedside glucose analyzer, typically a Yellow 
Springs Instrument (YSI), for the accurate 
measurement of plasma glucose obtained 
every 2.5–5 minutes

 3. Twenty percent dextrose for intravenous 
infusion

 4. Regular crystalline human insulin infusion, 
5–120 mU/m2·min−1 depending on the desired 
experimental steady-state plasma insulin con-
centration to be achieved

Typically, 40  mU/m2·min−1 raises the plasma 
insulin concentration by approximately 100 mU/
ml above baseline. The constant rate infusion of 
insulin gradually increases plasma insulin concen-
trations, reaching a plateau at around 30 minutes 
[7]. Consequently, glucose disposal in skeletal 
muscle and adipose tissue increases while hepatic 
glucose production is suppressed. The level of 
steady-state hyperinsulinemia achieved during 
the clamp may reflect a supraphysiological state 
and, therefore, may not accurately reflect insu-
lin action and glucose dynamics under “normal” 
physiological conditions that a dynamic test, such 
as an oral glucose tolerance test (OGTT), can.

Arterialized plasma glucose concentration is 
maintained at the desired level by a variable rate 

infusion of 20% dextrose. Within 2–10 minutes 
of initiating the insulin infusion, glucose infu-
sion is begun empirically at 1–2 mg/kg/min. In 
individuals with diabetes and hyperglycemia, 
the plasma glucose concentration is allowed to 
decline to euglycemic levels after starting the 
insulin infusion and before beginning the glu-
cose infusion. Thereafter, the glucose infusion 
rate is adjusted to maintain a steady plasma glu-
cose concentration. To achieve this, the plasma 
glucose concentration is measured using a bed-
side glucose analyzer every 5 minutes (more fre-
quently if glucose metabolism is fast), and the 
variable rate glucose infusion is adjusted appro-
priately. In other words, if the actual glucose 
concentration is lower than desired, the glucose 
infusion rate is increased and vice versa.

For the novice who is performing a clamp 
experiment for the first time, altering the glucose 
infusion rate based on a given plasma glucose 
reading may seem impossible. However, algo-
rithms have been developed by several groups to 
facilitate setting the glucose infusion rate appro-
priate to the measured plasma glucose level and 
its rate of change [8]. The required calculations 
for most methods are quite simple and can be 
performed on a hand-held calculator. Within a 1- 
to 2-week period, anyone working with someone 
experienced in the use of the clamp technique 
can quickly become more proficient than the 
best computer algorithm. It must be stressed that 
the pumps used for insulin and dextrose infusion 
should be accurate and they should be recali-
brated frequently to ensure their accuracy.

Steady-state calculations are routinely per-
formed over the last 30 minutes of a 3-hour clamp. 
The measurements obtained during a hyperinsu-
linemia–euglycemic clamp are (1) whole-body 
insulin-stimulated glucose metabolism (M) and/
or glucose disposal (Rd), (2) insulin sensitivity, 
and (3) the metabolic clearance rate (MCR) of 
insulin (Table 2.1) [1, 9–22]. Under steady-state 
plasma glucose conditions, the amount of glucose 
infused is equal to the amount of glucose metabo-
lized (mg/kg/min) by the total body, provided 
that endogenous (hepatic)  glucose production is 
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Table 2.1 Methods and parameters used for assessing insulin sensitivity in pediatrics

Parameters obtained Calculation
Hyperinsulinemic–euglycemic clamp [1, 9, 10]
Glucose disposal (M)  
(mg/kg/min)

Exogenous glucose infusion + Endogenous glucose production

Insulin sensitivity (mg/kg/min  
per μ[mu]U/ml)

Glucose disposal/steady – state x  insulin concentration during last 30 minutes 
of the clamp

MCR (ml/kg/min) Insulin infusion/steady − state x  insulin concentration during last 30 minutes 
of the clamp − baseline insulin

Hyperglycemic clamp [9, 10]
First phase insulin (μ[mu]U/ml) 
[9, 10]

x  insulin at 2.5, 5, 7.5, 10, and 12.5 minutes after bolus dextrose infusion

Second phase insulin secretion 
(μ[mu]U/ml) [9, 10]

x  insulin at 15, 30, 45, 60, 75, 90, 105, and 120 minutes

Glucose disposal (M)  
(mg/kg/min)

Exogenous glucose − Urinary glucose loss

Insulin sensitivity (mg/kg/min per 
μ[mu]U/ml)

Glucose disposal/ x  insulin concentration over the last 60 minutes

Surrogates derived from fasting data [11–14]
Inverse of insulin 1/fasting insulin
Glucose-to-insulin ratio Fasting glucose/fasting insulin
The homeostasis model 
assessment (HOMA-IR)

(Fasting insulin × fasting glucose)/22.5 (glucose in mmol/l, insulin in  
μ[mu]U/ml)

HOMA for insulin sensitivity 
(HOMA-IS)

1/HOMA-IR

HOMA2 model http://www.dtu.ox.ac.uk
Quantitative insulin sensitivity 
check index (QUICKI)

1/log fasting insulin + log fasting glucose

Surrogates derived from OGTT
Insulinogenic index [16] Insulin 30 min − Insulin 0 min/glucose 30 min − Glucose 0 min
C-peptide index [16] C-peptide 30 min − C-peptide 0 min/glucose 30 min − Glucose 0 min
Area under the curve (AUC) [17] Trapezoidal method
Whole-body insulin sensitivity 
index (WBISI) or matsuda  
index [15]

10,000/√(fasting glucose × fasting insulin) × ( x  glucose ×  x  insulin)

Insulin sensitivity 
index − Cederholm [19]

75,000 + (fasting glucose − 2 h glucose) × 1.15 × 180 × 0.19 × body weight
120 × log ( x  insulin ×  x  glucose)

Insulin sensitivity 
index − Stumvoll [21]

0.22 − 0.0032 × BMI − 0.0000645 × 2 h insulin − 0.0037 × 1.5 h glucose

Insulin sensitivity  
index − Gutt [22] 75 000 2 0 19

120

, .

log

+ -( )´ ´
´

fasting glucose h glucose body weight

ffasting insulin h insulin fasting glucose h glucose+[ ]( )´ +2 2 2/ [[ ] / 2

Insulin sensitivity  
index − vignon [20] 0 137. ´( ) +insulin sensitivity index basal insulin sensitivityy index at120

2

min

Mathematical modeling [18] Β(beta)-cell glucose sensitivity
Rate sensitivity
Potentiation factor
Total insulin output
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Fig. 2.1 Hyperinsulinemic–
euglycemic clamp protocol. 
(Adapted from Arslanian [9])

completely suppressed. [6,6- 2H2]glucose stable 
isotope can be used in combination with insulin 
clamp studies to quantitate hepatic glucose pro-
duction [9]. Multiple isotopes can also be infused 
simultaneously to assess protein and fat metabo-
lism in conjunction with indirect calorimetry 
(Fig. 2.1) [9]. If endogenous glucose production 
is not suppressed, it is added to the exogenous 
glucose infusion rate to provide a measure of 
total-body glucose uptake [23]. The insulin clamp 
technique thus allows the assessment of the indi-
vidual contributions of both hepatic and periph-
eral tissues to the observed insulin resistance. 
Peripheral tissue insulin sensitivity is calculated 
by dividing M and/or Rd by the steady-state 
plasma insulin concentration (I) (expressed in 
mg/kg/min per μ[mu]U/ml) [1]. When comparing 
two groups of individuals with different clamp 
steady-state insulin concentrations, expressing 
M is not sufficient; rather M has to be adjusted 
or expressed for the steady-state plasma insulin 
concentration, that is, expressed as insulin sensi-
tivity [10]. An index of hepatic insulin sensitivity 
can be calculated as the inverse of the product of 
hepatic glucose production and the plasma insulin 
concentration [24, 25]. The MCR of insulin (ml/
kg/min) can be computed by dividing the insulin 
infusion rate by the increase in circulating insu-
lin concentration during the clamp [1, 10, 26]. 

In most investigations, the duration of the clamp 
varies from 2 to 4 hours, and plasma samples are 
obtained for insulin measurement at 10–15-min-
ute intervals throughout the clamp with at least 
three to four determinations during the baseline 
30-minute period and the last 30 minutes of the 
clamp steady state.

 Hyperglycemic Clamp
The hyperglycemic clamp determines the 
response of the β(beta)-cell to glucose and quan-
tifies the amount of glucose metabolized during 
a controlled hyperglycemic condition [1, 27–29]. 
During a hyperglycemic clamp, the plasma glu-
cose concentration is rapidly raised by a bolus 
infusion of 25–50% dextrose over a 2-minute 
period and maintained at a given degree of hyper-
glycemia for the duration of the experiment using 
a variable rate infusion of 20% dextrose. In most 
hyperglycemic clamp experiments, the plasma 
glucose concentration is raised to and maintained 
at the desired experimental concentration, often 
around 225 mg/dl ± 5% for 2 hours (Fig. 2.2a) 
[28]. During the first 15 minutes of the hypergly-
cemic clamp, very little of the infused glucose is 
metabolized; most goes to fill the glucose space. 
We have been successful in using the following 
formula to attain a desired hyperglycemia of 
225 mg/dl:

 

225- mean of three baseline fasting plasma glucose concentraation mg dl

weight kg glucose distribution factor dl k

/

/

[ ]( )
´ ( )´ gg( )  

for calculating the glucose priming bolus 
(expressed in mg) to raise the plasma glucose con-
centration to 225 mg/dl. We have used a glucose 
distribution factor (expressed in dl/kg) of 1.5 for 

children of normal weight and 1.1 for overweight 
and obese children. Occasionally, this may over-
shoot or undershoot the desired glucose plateau. 
However, since the plasma glucose concentration 
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is measured at 0.5 minutes after the bolus infusion 
and every 2.5  minutes thereafter, rapid adjust-
ments in the variable rate infusion of dextrose can 
be made to achieve the desired hyperglycemia.

During the first 15  minutes of the hypergly-
cemic clamp, plasma samples are obtained every 
2.5  minutes for determination of glucose, insu-
lin, and C-peptide (Fig. 2.3). Thereafter (between 
15 and 120 minutes of the clamp), samples are 
obtained every 5 minutes for glucose and every 
15  minutes for insulin and C-peptide determi-
nation. Measurement of C-peptide is important, 
especially if individuals differ in their insulin 
clearance rates.

The measurements obtained during a hyper-
glycemic clamp include (1) the plasma insu-
lin and C-peptide response to glucose and (2) 
whole- body glucose metabolism (Table 2.1). The 
plasma insulin response to glucose is biphasic, 
with a rapid first phase in the first 10  minutes 
after the glucose bolus, followed by a gradual 
increase in the second phase (Fig.  2.2b) [28]. 
Traditionally, the first-phase insulin or C-peptide 
concentration is calculated as the mean of five 
determinations at times 2.5, 5.0, 7.5, 10.0, and 
12.5 minutes of the clamp and the second phase 
as the mean of eight determinations from 15 to 
120 minutes [27, 28, 30]. It is important to note 

300

200

100

0
–30 30–15 150 45 60 75 90 105 120

–30 30–15 150 45 60 75 90 105 120

In
su

lin
 (
mU

/m
I)

G
lu

co
se

 (
m

g
/d

l)

PCOS-NGT

PCOS-IGT

PCOS-NGT

PCOS-IGT

Time (min)

a

b

0

100

200

300

400

500

Fig. 2.2 Labels for PCOS NGT are polycystic ovary syn-
drome with normal glucose tolerance and PCOS-IGT are 
polycystic ovary syndrome with impaired glucose toler-
ance. Glucose (upper panel) and insulin concentrations 
(lower panel) during a hyperglycemic clamp in adoles-

cents with polycystic ovary syndrome (PCOS) with NGT 
versus IGT. NGT normal glucose tolerance, IGT impaired 
glucose tolerance. (Reproduced with permission from 
Arslanian et al. [28])
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that one can calculate the post-hepatic systemic 
delivery of insulin if the MCR of insulin is known 
[31]. However, because the portal insulin concen-
tration cannot be measured in man, the true rate 
of insulin secretion cannot be determined [29]. 
Alternate estimates have been proposed using 
mathematical modeling of C-peptide [32] and 
C-peptide deconvolution methods in adults [33, 
34] and youths [35] to overcome these complexi-
ties. Mathematical modeling of insulin secretion 
during the hyperglycemic clamp provides three 
components: (1) a basal post-absorptive secretion 
rate, (2) a dynamic secretion component (glucose 
sensitivity of first-phase insulin secretion), and 
(3) a static secretion component (glucose sen-
sitivity of second-phase secretion) [32, 35–38]. 
Such modeling has been applied in a limited 
number of studies in pediatrics demonstrating a 
significant stepwise decline in glucose sensitiv-
ity of first-phase secretion from normal glucose 
tolerance (NGT) to impaired glucose tolerance 
(IGT) [35, 37, 38] to type 2 diabetes [35, 38].

During the last 60 minutes of the hyperglyce-
mic clamp, the rate of glucose metabolism (M) 
(expressed in mg/kg/min) is calculated from the 
rate of exogenous glucose infusion minus uri-
nary glucose loss, as renal threshold is exceeded 
secondary to hyperglycemia. Hepatic glucose 
production is completely suppressed in healthy 
individuals under conditions of hyperglycemia. 
However, this may not be the case in patients 
with diabetes associated with severe insulin resis-
tance; the concurrent use of isotopes will allow 
for the determination of hepatic glucose produc-
tion in such individuals. In addition to obtaining 
M, an index of insulin sensitivity can be calcu-

lated by dividing M by the plasma insulin con-
centration over the last 60 minutes of the clamp. 
This calculation assumes a linear relationship 
between the plasma insulin concentration and 
M, which is a simplification of a more complex 
relationship. In our studies, insulin sensitivity 
index, calculated during the last 60  minutes of 
the hyperglycemic clamp, and insulin sensitivity 
from the euglycemic clamp correlated strongly 
(r = 0.90, p < 0.001) [39]; however, others have 
reported lower correlations, ranging from 0.45 to 
0.65 [40].

 Use of Isotopes and Indirect 
Calorimetry with the Insulin–Glucose 
Clamp Technique
Substrate turnover and the effects of insulin on 
different metabolic pathways can be determined 
during insulin clamp experiments with the con-
current use of isotopes. We have used multiple 
stable isotopes simultaneously with clamp exper-
iments to study glucose, protein, and fat metabo-
lism at baseline and during hyperinsulinemia 
[26, 41] (see Wolfe [42] and Kim et al. [43], for a 
review of isotope tracers in biomedicine).

Indirect calorimetry is often used in con-
junction with the hyperinsulinemic–euglycemic 
clamp to provide information on intracellular 
rates of glucose and fat oxidation during differ-
ent insulin concentrations and rates of whole-
body glucose uptake (see Schutz [44] for a 
review). Prior to calculating substrate utilization, 
rates of protein oxidation must be known and 
routinely estimated from urinary nitrogen excre-
tion. The use of urinary nitrogen assumes that 
this measurement accurately reflects protein oxi-

Fig. 2.3 Hyperglycemic clamp protocol
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dation and is unaltered by the clamp technique. 
The use of indirect calorimetry combined with 
clamp experiments has enabled the investigation 
of glucose- fatty acid competition in explaining 
pubertal insulin resistance [23, 45] and racial dif-
ferences in resting fat oxidation [46].

 The Frequently Sampled Intravenous 
Glucose Tolerance Test with Minimal 
Model Analysis
Bergman and colleagues introduced the minimal 
model method in an attempt to provide a simpler 
technique for in  vivo assessment of metabolic 
function of islet cells and insulin-sensitive tis-
sues [47–49]. After an overnight fast, a bolus of 
50% glucose solution (0.3 g/kg body weight) is 
infused over a 0–1 minute period. Basal samples 
are collected for 15  minutes at −15, −10, −5, 
and − 1 minutes, and post-injection samples are 
obtained at 2, 3, 4, 5, 6, 8, 10, 12, 14, 16, 19, 
22, 24, 25, 27, 30, 40, 50, 60, 70, 80, 90, 100, 
120, 140, 160, and 180  minutes [31], although 
the sampling times have been altered in different 
publications [50, 51] A computer mathematical 
minimal model (MINMOD) provides an indirect 
measure of insulin sensitivity based on glucose 
utilization and insulin kinetics obtained during the 
frequently sampled intravenous glucose tolerance 
test (FSIGTT) [48]. Two modifications were intro-
duced to ensure an endogenous insulin response of 
sufficient magnitude to enhance the ability of the 
computer to estimate the model parameters. The 
first modification was the tolbutamide- enhanced 
FSIGTT [51]. This modification involves the 
intravenous injection of tolbutamide (300 mg in 
normal weight individuals, 500 mg in overweight 
or obese subjects) at 20 minutes, with additional 
blood samples obtained at 23, 24, and 27 minutes. 
The insulin- modified FSIGTT was an attempt to 
use the FSIGTT model in patients with diabetes 
[52, 53]. Insulin (0.03  units/kg) is administered 
as an intravenous (IV) bolus at 20 minutes of the 
FSIGTT with additional sampling similar to the 
tolbutamide protocol. Insulin sensitivity estimates 
from both protocols correlate with each other in 
the same individual; however, they are quantita-
tively discrepant [50, 52].

Several other modifications of the minimal 
model include radioactive or stable isotope label-

ing of the IVGTT [54, 55], which has also been 
employed in pediatrics [56, 57], and decreasing 
the total number of samples from n = 30 to n = 12 
[58]. It is important to note that it is scientifically 
more accepted to use the full sample (n  =  30) 
protocol in studies with a smaller sample size 
or where small differences in insulin sensitivity 
need to be detected, whereas the small sample 
protocol (n  =  12) is appropriate for large-scale 
epidemiological studies [59].

The parameters derived from the MINMOD 
FSIGTT are (1) insulin sensitivity index (SI), 
which is the increase in fractional glucose dis-
appearance per unit insulin increase, that is, the 
ability of insulin to enhance glucose uptake and 
to inhibit hepatic glucose production; (2) insulin- 
independent fractional glucose disappearance 
(SG), which is the increase in fractional disap-
pearance of glucose per unit increase of glucose 
at basal insulin; and (3) β(beta)-cell function with 
the most commonly used index being acute insu-
lin release (AIRG), an index of first-phase insulin 
secretion (Table  2.1). Mathematical modeling 
of β(beta)-cell function yields two parameters 
describing the sensitivity to glucose of first- and 
second-phase insulin secretion, respectively 
(ɸ[phi]1, ɸ[phi]2), and (4) fractional insulin clear-
ance [31].

An advantage of the MINMOD FSIGTT is that 
it is easier than the glucose clamp method because 
it is less labor intensive, steady-state concentra-
tions are not required, and there are no intrave-
nous infusions that require constant adjustment. 
However, despite the extensive use of FSIGTT 
in adults, repeat experiments demonstrate that 
the interday coefficients of variation were 
20.2 ± 3.2% (range 6–44%) for SI, 25.1 ± 8.8% 
for SG, and 20.1  ±  3.5% for first- phase insulin 
secretion [59]. Though SI estimates from FSIGTT 
correlate with insulin sensitivity measured dur-
ing the hyperinsulinemic–euglycemic clamp, SI 
from the tolbutamide FSIGTT is estimated to be 
13 ± 6% lower and 44 ± 4% lower during the insu-
lin FSIGTT compared with clamp SI [50].

There are several inconsistencies and wide 
variations worth mentioning in using the FSIGTT 
in pediatrics. In 1990, the FSIGTT protocol in 
pediatrics was shortened to 90  minutes in chil-
dren, with a tolbutamide dose of 5 mg/kg [60]. 
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Though SI derived from the 90-minute FSIGTT 
and the actual FSIGTT correlated, the fractional 
standard deviation for SI from the former was 
significantly greater than that from the full study. 
Furthermore, 5% of participants had insufficient 
insulin response during the FSIGTT. The authors 
mentioned that there were “several shortcom-
ings in the measurement of insulin sensitivity 
by the minimal model” [60]. To address these 
shortcomings, several methodological changes in 
pediatrics have included variability in sampling 
schedules and dosing concentrations of both glu-
cose and tolbutamide. For example, sampling 
schedules have varied from 11 to 13 [61–64] to 
18 to 19 [65–67] to 22 to 24 [68, 69]. The vari-
ability in glucose bolus has spanned from 0.3 g/
kg [63, 67, 69] to 11.4 g/m2 [65] to 100 gm with-
out accounting for body weight [64], tolbutamide 
from 5 mg/kg [60, 67] to 125 mg/m2 [65, 66] to 
300 mg/1.73 m2 [62–64], and insulin from 0.02 
to 0.03 U/kg [61, 70, 71]. Almost all of the afore-
mentioned studies using IFGTT report injecting 
the glucose bolus over the course of 0.5–1 min-
utes. This is concerning as it remains unclear if 
infusing large volumes of 25% dextrose solu-
tions is feasible in obese children weighing more 
than 100 kg who require large volumes exceed-
ing 100 cc. Furthermore, in a report by Conwell 
et al., obese children who had repeat FSIGTT on 
two or three different occasions had a 30–40% 
variability in their SI [71]. Collectively, because 
of such inconsistencies in the FSIGTT protocol 
in the pediatric age group and the limited com-
parison to the gold standard of the glucose clamp 
technique, the reliability of the data remains 
questionable. Due to these limitations, sugges-
tions for improvement have ensued [72, 73].

 Oral Glucose Tolerance Test

The standard oral glucose tolerance test (OGTT) 
is one of the earliest employed measures to 
assess insulin sensitivity in vivo. Seminal work 
by Reaven and Miller revealed a heterogeneity 
of response, from mild glucose intolerance to 
severe diabetes, and formed the foundation of 

the modern diagnostic use of the OGTT [74]. 
As such, the OGTT is widely used in clinical 
practice to diagnose glucose intolerance and 
type 2 diabetes [75] and is recommended by the 
American Diabetes Association and the World 
Health Organization (WHO) as a diagnostic 
tool. The procedure begins after an overnight 
fast by ingesting (within 5–10 minutes) a stan-
dard oral glucose load (1.75 g/kg body weight; 
max. 75 g). Blood is sampled every 15–30 min-
utes for 2–5 hours for measurement of plasma 
glucose, insulin, and C-peptide concentrations. 
Conceptually, it is believed that the higher the 
glucose concentrations during the OGTT, the 
lower the insulin sensitivity. Though in theory 
this may seem sensible, there are a number of 
considerations that must be addressed. The 
OGTT is typically poorly reproducible, the rate 
of gastrointestinal absorption of glucose varies 
considerably from one person to another, glu-
cose and insulin levels are constantly changing 
and are not “clamped,” hepatic glucose produc-
tion is unknown, and, lastly, glucose uptake by 
the peripheral tissues is affected independently 
by hyperglycemia and hyperinsulinemia [76–
78]. In our hands, the reproducibility of repeat 
OGTT (interval between 2 OGTTs 1–25 days) in 
overweight 8- to 17-year-old otherwise healthy 
children was poor [79]. Fasting blood glucose 
had higher reproducibility compared with the 
2-hour glucose. The percent positive agreement 
between the first and second OGTT was low, 
22.2% for impaired fasting glucose and 27.3% 
for IGT. Among the youth with IGT during the 
first OGTT, only 30% had IGT during the sec-
ond OGTT.

 Surrogate Estimates of Insulin 
Sensitivity and Secretion

The aforementioned techniques, especially the 
clamp technique, require trained staff and are 
costly and labor intensive, invasive, and not fea-
sible with large-scale epidemiological studies or 
interventional longitudinal studies with repeated 
measurements. Therefore, simple but reliable sur-
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rogate measures of insulin sensitivity and secre-
tion are warranted. These surrogate measures are 
based on insulin and/or glucose samples taken in 
the fasting state (Table 2.1).

 Fasting Estimates of Insulin Sensitivity 
and Secretion
Surrogate indices of insulin sensitivity using 
fasting parameters include (1) fasting insulin (IF), 
(2) the inverse of fasting insulin (1/IF), (3) fast-
ing glucose to insulin ratio (GF/IF), (4) HOMA 
for insulin sensitivity (HOMA-IS) or resistance 
(HOMA-IR) [14, 80] and the HOMA2 Calculator 
at http://www.dtu.ox.ac.uk, and (5) the quantita-
tive insulin sensitivity check index (QUICKI) 
[13] (Table 2.1).

In an initial study of 156 children and adoles-
cents with a spectrum of body mass index (BMI) 
from normal to obese, we demonstrated that 
insulin sensitivity measured using the hyperin-
sulinemic–euglycemic clamp correlated strongly 
with fasting insulin (r = −0.92), GF/IF (r = 0.92), 
HOMA-IS (r  =  0.91), and QUICKI (r  =  0.91) 
[12]. In a follow-up study of 188 obese adoles-
cents spanning the spectrum of glucose tolerance 
from NGT to IGT to diabetes [11], 1/IF, GF/IF, 
HOMA-IS, and QUICKI strongly correlated with 
hyperinsulinemic–euglycemic clamp-measured 
insulin sensitivity in the total group (r ≥  0.78) 
and in each glucose tolerance category, as 
depicted in Fig. 2.4. In our studies and others, the 
calculation of HOMA or QUICKI did not have 
any added advantage over the simple measure of 
1/IF [11, 12, 81] because they did not show stron-
ger correlations or a better utility for prediction 
of insulin sensitivity [11]. Other studies examin-
ing surrogate indices against clamp-derived mea-
sures in the pediatric population demonstrated 
the usefulness of fasting-derived surrogate indi-
ces in estimating insulin sensitivity in prepuber-
tal, pubertal lean, overweight, and obese youth 
[12, 81–83]. It is critical to stress that, despite the 
strong correlations between surrogate estimates 
of insulin sensitivity and clamp measured insulin 
sensitivity, these are research tools and none of 
these surrogate measure should be used clinically 
to diagnose insulin resistance in any single indi-

vidual (i.e., using cutoffs to define if a patient has 
insulin resistance), because fasting insulin con-
centrations and fasting surrogates overlap greatly 
across quartiles of clamp-measured insulin sensi-
tivity [11] (Fig. 2.5).

In studies comparing surrogate indices against 
insulin sensitivity derived from MINMOD 
FSIVGTT, correlations with HOMA-IR 
(r  = −0.4) and with fasting insulin (r  = −0.4) 
were significant [84, 85]. In agreement with our 
findings [11], Rössner et  al. [85] indicated that 
QUICKI showed similar results to HOMA-IR 
and, in a later publication, indicated that HOMA 
and QUICKI have an equal ability to predict 
insulin sensitivity [86]. In contrast, however, the 
correlations reported [85] for the MINMOD SI 
were lower than reported in our hyperinsulin-
emic–euglycemic clamp studies. A relatively 
small study in 18 obese children (7 prepubertal 
and 11 pubertal) who repeated the FSIVGTT up 
to three times showed high correlations (r > 0.85) 
between MINMOD SI and HOMA-IR, QUICKI, 
and GF/IF [71]. However, another study showed 
virtually no relationship between QUICKI and 
MINMOD SI in lean, prepubertal children despite 
significant correlations between MINMOD SI 
and HOMA-IR and IF [84]. In interpreting the 
reported differences in the correlations between 
surrogate estimates and insulin sensitivity, 
whether measured by clamp or FSIVGTT, factors 
that could potentially explain these differences 
include differing study populations (age, Tanner 
stage, race, glucose tolerance status) and differ-
ences in experimental methods.

It must be stressed, however, that there are 
limitations to using fasting glucose and insulin 
[87]. First, because of significant variability in 
insulin measurements across various laborato-
ries, as demonstrated by the American Diabetes 
Association Task Force [88], there will be impor-
tant differences in these estimates among differ-
ent centers. Therefore, these estimates are center 
or laboratory specific and cannot be applied uni-
formly, particularly in the clinical setting. Second, 
whereas the fasting glucose–insulin ratio may be 
a good proxy of insulin sensitivity in nondiabetic 
children, this will not be the case when fasting 
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NGT IGT T2DM OB-T1DM

r = 0.77
p<0.001 

r = 0.76
p<0.001 

r = 0.77
p<0.001 

r = 0.89
p<0.001 

r = 0.89
p<0.001 

r = 0.75
p<0.001 

r = 0.70
p<0.001 

r = 0.72
p<0.001 

r = 0.76
p<0.001 

r = 0.60
p<0.01 

r = 0.42
NS

r = 0.80
p<0.001 

r = 0.67
p<0.001 

r = 0.75
p<0.01 
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Fig. 2.4 Correlations between clamp-measured insulin 
sensitivity and surrogate estimates of fasting and OGTT- 
derived insulin sensitivity in overweight/obese adoles-
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and OB-T1DM. NGT normal glucose tolerance, IGT 
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(Reproduced with permission from George et al. [11])
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glucose is elevated as in children with diabetes. 
This will result in a falsely elevated ratio that 
does not truly reflect increased insulin sensitivity 
[89]. Alternatively, as fasting insulin declines due 
to a progressively failing pancreas, the increased 
glucose–insulin ratio will give the false impres-
sion of improved insulin sensitivity [89].

 Estimates of Insulin Sensitivity 
and Secretion During the Oral Glucose 
Tolerance Test
While the clinical use of the OGTT to determine 
glucose tolerance status is well accepted and 
widely utilized, its use for estimating indices of 
insulin sensitivity and secretion is mostly appli-
cable to large-scale studies where more sophis-
ticated methods are not feasible and where an 
OGTT is mandated per experimental protocol. 
The most frequently used OGTT-derived esti-
mate of insulin sensitivity is the Whole-Body 
Insulin Sensitivity Index (WBISI) described by 
Matsuda and DeFronzo [15]. This index repre-
sents a composite of both hepatic and peripheral 
tissue sensitivity to insulin and is derived from 
plasma glucose (expressed in mg/dl) and insulin 
(expressed in μ[mu]U/ml) measurements from 
the fasting state and during the OGTT (Table 2.1). 
In adults, this index correlates strongly with the 
direct measure of insulin sensitivity derived from 
the euglycemic insulin clamp in normally glucose- 
tolerant individuals, but the correlation declines 
in individuals with IGT or type 2 diabetes [15]. In 
our study of 188 overweight/obese adolescents, 
WBISI showed a correlation coefficient of 0.77 
with clamp insulin sensitivity, but the correlation 
was weakest (r = 0.67) in adolescents with type 2 
diabetes (Fig. 2.4) [11]. Furthermore, the correla-
tions between WBISI and clamp insulin sensitiv-
ity depends on gender, with males demonstrating 
the lowest association (r = 0.55) [11]. In a smaller 
study of 38 obese youth with NGT and IGT, the 
correlation between WBISI and glucose disposal 
during the clamp was 0.78 [82]. The reported cor-
relations between insulin sensitivity derived from 
the FSIGTT and WBISI are weaker (r = 0.67) in 
overweight youth compared to those with clamp 
[90]. In 2010, a reduced sample WBISI using 0-, 

60-, and 120-minute or 0- and 120-minute mea-
surements provided strong correlations with the 
rate of insulin- stimulated glucose Rd during the 
euglycemic clamp in adults [91]. To our knowl-
edge, this has not been evaluated in pediatrics.

Because an OGTT is routinely performed 
in most metabolic and epidemiological studies, 
another advantage is the readily available index 
of β(beta)-cell function. The insulinogenic index 
is calculated as the ratio of ∆(Delta)I30/∆(Delta)
G30 (i.e., the difference in insulin and glucose 
concentrations between 30 and 0  minutes) and 
the C-peptide index (∆[Delta]C30/∆[Delta]G30) 
[81, 92]. Other assessments of β(beta)-cell func-
tion include the 15-minute insulinogenic index 
and/or C-peptide index [16, 79], the area under 
the curve (AUC) [17], and the use of mathemati-
cal modeling [18, 73]. In a small study of 26 
prepubertal normoglycemic children, the corre-
lations between first-phase insulin or C-peptide 
secretion derived from the hyperglycemic clamp 
and OGTT-derived measures of insulin secretion 
were stronger for the 15-minute index than for the 
30-minute index and stronger for C-peptide index 
(r = 0.73) than for insulin index (r = 0.49) [16]. 
In 185 overweigh/obese adolescents with vary-
ing glucose tolerance, we found that ∆(Delta)
I30/∆(Delta)G30 and ∆(Delta)C30/∆(Delta)G30 
decline progressively from NGT to IGT (~29% 
for both) and from IGT to type 2 diabetes (~57% 
for ∆[Delta]I30/∆[Delta]G30 and ~40% for 
∆[Delta]C30/∆[Delta]G30) translating to an over-
all decline in insulinogenic index from NGT to 
type 2 diabetes of ~70% and in C-peptide index 
by ~57% [93].

Mathematical models to analyze standard-
ized [37, 38, 94] and non-standardized tests [36, 
56, 73, 95], such as the OGTT, have been devel-
oped to assess β(beta)-cell function. Parameters 
derived using the model developed by Mari and 
Ferrannini include β(beta)-cell glucose sensitiv-
ity, rate sensitivity, and potentiation. A model- 
based index of insulin sensitivity (derived from 
the OGTT, termed OGIS) may also be calculated 
using the plasma glucose and insulin concen-
trations [96], which have shown modest asso-
ciations with insulin sensitivity derived from the 
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hyperinsulinemic–euglycemic clamp [97]. Using 
this model in 255 obese youth with NGT, IGT, 
and diabetes, we demonstrated that β(beta)-cell 
glucose sensitivity was 30% and 65% lower in 
youth with impaired glucose tolerance and type 2 
diabetes whereas rate sensitivity was 40% lower 
in youth with type 2 diabetes [35].

Lastly, the OGTT provides the opportunity 
to express β(beta)-cell function (insulinogenic 
index or C-peptide index) relative to insulin 
sensitivity (fasting surrogates or WBISI) to cal-
culate the oral disposition index (oDI). The oDI 
is demonstrated to be the strongest metabolic 
predictor of progression from IGT to diabe-
tes in adults, even more than insulin sensitivity, 
fasting glucose, or OGTT alone [92, 98, 99]. In 
our study of 185 overweight/obese youth with 
varying glucose tolerance, oDI mirrored clamp-
derived DI showing that β(beta)-cell function 
relative to insulin sensitivity declines from NGT 
to IGT to type 2 diabetes. Moreover, oDI corre-
lated strongly with clamp DI in the overall group 
(r ≥ 0.74) and within each glucose tolerance cat-
egory [93]. Lastly, oDI predicted 2-hour OGTT 
glucose similar to that of clamp DI. Our observa-
tions in pediatrics regarding the utility of OGTT- 
calculated oDI advanced the scientific literature 
in pediatrics by providing the opportunity to use 
oDI in the TODAY (Treatment Options for type 
2 diabetes in Adolescents and Youth) multicenter 
trial. These studies demonstrated that oDI, or 
β(beta)-cell function relative to insulin sensitiv-
ity, is an important determinant of HbA1c at ran-
domization [100]. Moreover, initial β(beta)-cell 
reserve or oDI was an independent predictor of 
glycemic durability, with oDI declining rapidly 
(~27% by 6  months, ~56% by 24  months, and 
~67% by 36 months) in those patients who failed 
to maintain glycemic control [101].

More complicated formulas evolved over the 
years using OGTT parameters to estimate insu-
lin sensitivity [19–22] (Table  2.1). These are 
sparingly used in pediatrics because they do not 
necessarily add any advantage over the more fre-
quently used and validated ones in the pediatric 
age group.

 Methodologies Not Currently 
Practiced in Pediatrics

Some methodologies of assessing insulin sen-
sitivity are not popular in pediatrics due to the 
risk that accompanies the protocol and/or the 
complexity of the protocol and hence will not 
be discussed. Suffice it to say that these method-
ologies include the insulin tolerance test, which 
examines the rate at which glucose falls and the 
nadir it reaches after a bolus of intravenous insu-
lin [102]. Its major disadvantage is hypoglycemia 
and counterregulatory hormone response that 
affect glucose metabolism. Another is the insu-
lin suppression test, which evaluates disposal of 
an intravenously administered glucose load by a 
constant and fixed level of hyperinsulinemia [103, 
104]. The major disadvantage is that it requires a 
quadruple infusion of epinephrine, propranolol, 
insulin, and glucose. For a more thorough review 
of these methodologies, the reader is referred to 
the following reference [105].

 Summary

Despite the multiplicity of methods available 
for adults, techniques applicable to children and 
adolescents are limited. In this chapter, we have 
discussed a variety of methods currently avail-
able for estimating insulin sensitivity/resistance 
and β(beta)-cell function in pediatrics. The state-
of- the art clamp methodology—though time 
consuming, costly, and labor intensive—should 
be used in patient-oriented research where spe-
cific metabolic pathways of insulin action and 
mechanisms are being investigated. In large-scale 
epidemiological, observational, or interventional 
trials where repeated measurements are needed, 
surrogate estimates of insulin sensitivity and 
β(beta)-cell function, fasting or OGTT derived, 
which have been validated against the gold stan-
dard are more applicable. Other available meth-
odologies (e.g., FSIVGTT) need to be refined, 
standardized, and validated across a spectrum of 
glucose tolerance in children.
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Insulin Resistance in Chronic 
Disease

Uri Hamiel and Orit Pinhas-Hamiel

 Introduction

The metabolic syndrome (MetS) is a complex 
disorder defined by a cluster of interconnected 
factors, including abdominal obesity, hyperten-
sion, dyslipidemia, and insulin resistance [1]. 
The MetS has been proposed to identify patients 
at high cardiovascular risk. In addition to their 
underlying disease, some patients with chronic 
diseases develop insulin resistance and the 
MetS; these conditions may aggravate their 
morbidity. Several routes may result in an 
increased risk of developing insulin resistance 
and the MetS.  This increased risk may result 
secondary to increased obesity that is associ-
ated with a number of chronic diseases, such as 
asthma and type 1 diabetes. In addition, weight 
gain and metabolic impairment can occur as an 
integral component of the disease itself, such as 
in Prader-Willi syndrome, sometimes second-
ary to medications administered to treat chronic 
diseases, or secondary to disability associated 

with a disease, such as in multiple sclerosis. 
Often, the increased risk is a combination of 
more than one route (Fig.  3.1). In the current 
chapter, we review the prevalence of the MetS 
in several chronic diseases and the impact on 
long-term morbidity. Prevalent diseases were 
chosen to highlight the possible bidirectional 
relationships between obesity and chronic dis-
eases, mainly in children and youth.

 Asthma

Asthma is the most common chronic disease in 
children. The dramatic increase in the prevalence 
of asthma over the past few decades has paral-
leled an increase in obesity. This observation has 
triggered investigation of an association, possi-
bly bidirectional, between these two conditions. 
On one hand, many children with asthma avoid 
exercise, increase sedentary time, and receive 
treatment with oral corticosteroid medications—
three factors that promote weight gain [2]. On 
the other hand, obesity has also been implicated 
as a significant risk factor for asthma prevalence 
and severity in children and adolescents [3, 4]. 
Since obesity is recognized as a potential risk 
factor for cardiometabolic conditions—such as 
insulin resistance and the MetS, with further 
tracking to type 2 diabetes (T2D), dyslipidemia, 
and cardiovascular diseases—the impact of obe-
sity in patients with asthma is paramount [5].
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 Obesity Can Predate Asthma

Longitudinal data demonstrate a pattern in which 
obesity predates and increases the risk for inci-
dent asthma [2]. In a meta-analysis that included 
333,102 adults, overweight and obesity conferred 
a 51% increased odds of incident asthma [2]. A 
dose–response effect of elevated body mass index 
(BMI) on asthma incidence was observed; risks 
of incident asthma for overweight and obese per-
sons were 1.4 and 1.9, respectively, compared 
with a normal-weight group. Thus, an atypically 
non-atopic child with early life weight gain may 
subsequently develop asthma-like symptoms. 
The underlying mechanism may prove to impair 
lung growth and alter airflow perception. 
Similarly, data from 12,050 children and adoles-
cents of 8 European birth cohorts on asthma and 
allergies were combined to investigate whether 
the course of BMI predicts incident asthma in 
childhood [6]. Children with a rapid change in 
BMI-standard deviation score gain in the first 
2  years of life had a higher risk for incident 
asthma up to age 6 years than did children with a 
less pronounced weight gain slope in early child-
hood. Rapid BMI gain between 2 and 6 years of 
age did not significantly enhance the risk of 
asthma [6].

 Obesity in Persons with Asthma

In a study of 472 children with persistent asthma, 
49% were overweight/obese; the overweight/
obese children experienced more asthma symp-
toms, greater limitation in activity, and more vis-
its to the emergency department or hospitalization 
for any reason than did normal-weight children 
[7]. Similarly, among children aged 2–18 years, 
obesity was significantly associated with higher 
odds of using mechanical ventilation, higher 
mean total hospital charges, and longer mean 
length of hospital stay compared [8].

 Asthma and Insulin Resistance

The pro-inflammatory state of insulin resistance 
has been speculated to contribute to the patho-
genesis of asthma in obese patients. Studies in 
adults showed associations of obesity and insulin 
resistance with asthma and aeroallergen sensiti-
zation [9, 10]. In one study, insulin resistance was 
found to be significantly associated with asthma 
among morbidly obese children and adolescents 
(odds ratio 4) [11]. A smaller study showed chil-
dren with allergic asthma to be more likely to 
show an insulin resistance profile [12]. Indeed, in 

Fig. 3.1 Increased risk 
of developing metabolic 
syndrome is often a 
combination of more 
than one route
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a study of 71 prepubertal children who under-
went spirometry and bronchial hyperresponsive-
ness testing, obese asthmatic children with 
confirmed insulin resistance (homeostatic model 
assessment of insulin resistance [HOMA-IR] ≥ 
2.5) had significantly greater bronchial hyperre-
sponsiveness than did obese children without 
insulin resistance [7]. This suggests that obesity 
per se does not correlate with airway hyperreac-
tivity unless it is accompanied by glucose intoler-
ance and insulin resistance.

Data from a randomized controlled trial on 
the safety and direct effects of inhaled human 
insulin showed that those treated with inhaled 
insulin were more likely to exhibit respiratory 
symptoms, including cough and mild dyspnea, 
along with deterioration in lung function [13]. 
This finding supports the notion that insulin may 
exert a direct effect on human airways. Indeed, 
insulin dysregulation may negatively affect the 
airway through multiple routes, to cause lung 
function impairment [13]. Insulin induces hyper-
contractility in airway smooth muscle. In addi-
tion, hyperinsulinemia was shown to result in 
vagally mediated bronchoconstriction in animal 
models [13].

 Asthma and the Metabolic Syndrome

The MetS has been associated with asthma in 
large cross-sectional and longitudinal studies  
in adults. Among 9942 individuals aged 
40–69  years, asthma-like symptoms (wheeze, 
resting dyspnea, and post-exercise dyspnea) were 
increased in those with MetS. Among the compo-
nents of the MetS, abdominal obesity and hyper-
tension were the risk factors for asthma-like 
symptoms [14]. In a Norwegian prospective 
cohort study of participants who were asthma- 
free at baseline (n = 23,191), MetS was a risk fac-
tor for incident asthma (adjusted OR 1.57, 95% 
CI 1.31–1.87). Among the components of the 
MetS, high-waist circumference and elevated 
glucose or diabetes were associated with incident 
asthma, after adjustment for the other metabolic 
components [15]. While the association was clear 
in adults, data from the 2007–2010 National 

Health and Nutrition Examination Survey 
(NHANES) of 1429 adolescents aged 12–17 years 
showed no statistically significant differences in 
indicators of metabolic syndrome and insulin 
resistance between adolescents with and without 
asthma [16]. However, adolescents with insulin 
resistance and low high-density lipoprotein 
(HDL) cholesterol had lower airway obstruction 
and lower residual volumes. Truncal obesity was 
predictive of lower residual volume, which con-
ferred additional risk, beyond general adiposity 
[17]. Each MetS component was shown to con-
tribute to lung disease. In addition, adipokine 
dysregulation is a potential mechanism for 
obesity- mediated airway changes in asthma. 
Furthermore, hyperlipidemia and lung function 
impairment in adults were reported to be associ-
ated with asthma risk in children [16].

 Significance and Treatment

If insulin resistance and obesity can be consid-
ered modifiable risk factors, interventions that 
affect weight loss could be associated with a 
decrease in asthma incidence. In studies con-
ducted among adults (n  =  197), such interven-
tions included supervised physical activity, 
low-calorie diet, and weight loss medications 
[18]. Considering certain methodological prob-
lems, a statistically significant reduction in 
asthma symptom scores was reported in treat-
ment compared to control groups. Further, short- 
term analysis showed a reduction in doses of 
rescue medication in treatment compared to con-
trol groups. Weight loss was associated with 
some improvement in forced expiratory volume 
in 1 second (FEV1) and in forced vital capacity 
(FVC); the latter was statistically significant, but 
clinically unimportant [18].

Patients with concurrent asthma and diabe-
tes who were treated with metformin (444) 
were compared to metformin non-users (1333) 
of the same age and gender. Patients were fol-
lowed for 3 years to measure the occurrence of 
asthma- related outcomes. Compared with non-
users, metformin users had a lower risk of 
asthma- related hospitalization (OR = 0.21, 95% 
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CI: 0.07–0.63) and asthma exacerbation 
(OR = 0.39, 95% CI: 0.19–0.79) [17]. Thus, tar-
geting insulin resistance may represent a novel 
therapeutic strategy for obese patients with 
asthma.

 Type 1 Diabetes Mellitus

Type 1 diabetes (T1DM) is one of the most com-
mon chronic diseases in children. A bidirectional 
association between T1DM and obesity is sug-
gested. On one hand, the accelerator hypothesis 
argues that the obesity epidemic results in an 
increase in insulin resistance, which leads to glu-
cotoxicity. This accelerates β(beta)-cell apopto-
sis and, in a subset of genetically predisposed 
individuals, results in overt diabetes. On the 
other hand, recent studies demonstrate that over-
weight and obesity are highly prevalent among 
individuals with T1DM.  Moreover, several 
investigations have recently evaluated the preva-
lence of MetS and its components in individuals 
with T1DM. Importantly in T1DM, the impaired 
fasting glucose criterion is irrelevant since it is 
automatically fulfilled. In addition, the wide-
spread use of antihypertensive and lipid-lower-
ing medications for cardiac and renal prevention 
can contribute to overestimations of the preva-
lence of raised blood pressure and elevated tri-
glycerides [19].

 Obesity Predates the Development 
of Type 1 Diabetes Mellitus

Obesity confers an increased risk of develop-
ing T1DM throughout the life cycle. In a meta- 
analysis that included 12 807 individuals with 
T1DM, children with birth weights from 3.5 to 
4.0 kg had a 6% increased risk of diabetes and 
children with birth weights greater than 4.0 kg 
had a 10% increased risk, compared to children 
who weighed 3.0–3.5 kg at birth [20]. This cor-
responded to a linear increase in diabetes risk 
of 3% per 500  g increase in birthweight. In 
addition, weight increase during the first year 
of life was shown to be positively associated 

with T1DM [21]. Similarly, another meta-anal-
ysis demonstrated a continuous association 
between childhood BMI and subsequent 
T1DM, thus supporting a dose–response rela-
tionship [22].

 Obesity Among Children 
and Adolescents with Type 1 Diabetes 
Mellitus

Among 326 children and young adults (aged 
5–30  years), with mean diabetes duration of 
8.7 ± 5.0 years, females aged 15 to <18 and 18 to 
<25  years were significantly overweight com-
pared to healthy females in the same age groups: 
33% vs. 13% and 26% vs. 8%, respectively. 
Among males of all age groups, prevalence of 
overweight and obesity did not differ compared 
with healthy males in the general population 
[23]. Similarly, in the SEARCH study, youth 
with T1DM had a higher prevalence of over-
weight, but not of obesity, than did nondiabetic 
youth [24]. The prevalence of overweight among 
youth with T1DM was significantly higher than 
among those without diabetes overall (22.1% vs. 
16.1%) [24].

 Insulin Resistance Among Type 1 
Diabetes Mellitus Individuals

Insulin resistance is defined as a state in which 
the biologic response to a given concentration 
of insulin is reduced. In the setting of T1DM, 
insulin resistance has been attributed to 
chronic hyperglycemia, which results in glu-
cotoxicity, thus creating downregulation of 
glucose transport systems and post-transport 
steps of insulin action. The relationship of 
insulin resistance to cardiovascular disease 
(CVD) risk in youth with T1DM is evident 
even in the pediatric age group. In the 
Determinants of Macrovascular Disease in 
Adolescents with T1DM study, reduced insu-
lin sensitivity was associated with CVD risk 
factors, such as waist circumference, choles-
terol, blood pressure, and C-reactive protein.
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 Metabolic Syndrome Among Type 1 
Diabetes Mellitus Individuals

MetS was detected in 35% of obese, 8% of over-
weight, and 5% of normal-weight children and 
young adults with T1DM (n  =  326), mean age 
18.5 ± 6.0 years [23]. Among 477 adolescents with 
T1DM, aged 16–19 years, the prevalence of MetS 
was 9.5%. Abdominal obesity was the most com-
mon risk factor (20%) in females, while hyperten-
sion was the most common risk factor in males 
(25%) [19]. Similarly, among younger children, 
median age 12.8 years, 38.5% were overweight or 
obese. Among the overweight/obese children with 
T1DM, 25.7% had the MetS vs. 6.3% in the normal-
weight group. A high triglyceride level was detected 
in 17.3%, high low- density lipoprotein (LDL) cho-
lesterol in 28.6%, low HDL cholesterol in 21.2%, 
and hypertension in 13.1% of the patients [19].

 Significance and Treatment

Insulin resistance, rather than hyperglycemia, was 
the more significant determinant of coronary artery 
calcifications, which is an important marker of CV 
events. Similarly, insulin resistance in normal-
weight adolescents with T1DM compared with 
weight-matched controls was associated with echo-
cardiographic abnormalities (left ventricular hyper-
trophy and diastolic dysfunction) [19]. Therefore, 
insulin resistance and glycemia are recognized tar-
gets for treatment of T1DM, for prevention of 
microvascular and macrovascular complications. 
Identifying diabetes patients at increased risk for 
cardiovascular complications and early mortality is 
crucial from a prevention standpoint. A meta-analy-
sis showed that the addition of metformin resulted 
in decreased total insulin daily dose and reduced 
BMI values and BMI z-scores; however, HbA1c 
remained the same [19].

 Cancer Survivors

Hematopoietic stem cell transplantations (HSCT) 
in pediatric patients have considerably increased 
in recent years for treatment of both malignant 

and nonmalignant diseases. Improved supportive 
care and greater experience in patient care have 
led to a decreased mortality rate. The growing 
number of long-term survivors has increased 
concern regarding late complications and long- 
term consequences. Several important observa-
tions arise from studies among HSCT survivors.

 Components of the Metabolic 
Syndrome May Be Detected Within 
the First Years After Hematopoietic 
Stem Cell Transplantations

A substantial proportion of the patient population 
presents with features of the MetS at the time of 
the procedure. Among 38 patients, with median 
age at HSCT of 8.5 years, evaluated at a median 
of 3.9 years post-HSCT, 10.5% met the criteria of 
MetS and 31.6% had at least one component of 
the MetS [25]. Similarly among 69 patients, 
median age of 13 years at the time of diagnosis 
and a median time of follow-up posttransplant of 
4  years, 32% had the MetS [26]. Among 170 
adults, evaluated at a mean age of 25 ± 5 years, 
with follow-up duration 14.5 years, the incidence 
of the MetS increased with age [27].

 Overweight, Obesity, Sarcopenic 
Obesity, and the Metabolic Syndrome

Overweight and Obesity at the Time of 
HSCT were found to confer a risk for the 
MetS. For each additional unit in BMI-z score at 
the time of transplantation, the risk for develop-
ment of the MetS was 57% higher [27]. 
Furthermore, patients with BMI above the 50th 
percentile at HSCT already showed an increased 
risk compared to those with lower BMI [25]. 
This suggests that even BMI within the accepted 
normal range (50th to 84th percentiles) was 
associated with increased morbidity.

Overweight and Obesity at the Time of 
Evaluation of the MetS In general, survivors 
of HSCT are not more likely to be obese than 
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their siblings despite having been exposed to 
radiation, steroids, and prolonged periods of 
inactivity [28]. Nonetheless, HCT survivors, 
even with normal BMI, develop significantly 
altered body composition that results in both an 
increase in total percent fat mass and a reduc-
tion in lean body mass [28]. This condition is 
termed “sarcopenic obesity” and results in a loss 
of myocyte insulin receptors and an increase in 
adipocyte insulin receptors; the latter are less 
efficient in binding insulin and clearing glucose 
and ultimately contribute to insulin resistance 
[2]. Indeed, among 45 survivors of hematologi-
cal malignancies aged 14  ±  5  years, only one 
was obese. However, abnormal glucose toler-
ance by oral glucose tolerance test (OGTT) was 
present in 15.6%. Nonetheless, overweight and 
obesity are risk factors that are associated with 
the development of MetS [26]; overweight and 
obesity at the time of evaluation of the MetS 
were associated with a 4.3-fold increased risk 
(P  =  0.05) for developing components of the 
MetS (P = 0.007) [25].

 Factors Associated with Increased 
Risk of Developing the Metabolic 
Syndrome

Among 160 patients with a median age at trans-
plant of 5  years, who had been followed for a 
median of 7  years, total body irradiation and 
younger age at HSCT were associated with the 
highest burden of long-term effects. Female sex 
was more significantly associated than male sex 
with MetS-related dysfunction [29]. Among 69 
patients, with median age at the time of diagnosis 
of 12.9 years, and median time of follow-up post-
transplant 4 years, 32% had MetS; the most com-
mon MetS features were abdominal obesity 
(73%), hypertriglyceridemia (91%), and a low 
HDL-C level (96%) [30]. In another study, the 
most significant risk factor for MS was cortico-
steroid therapy use [26].

Of note, increased risk of developing the MetS 
was also observed among acute leukemia survi-
vors treated without HSCT.  Among 650 adult 
patients, mean age at evaluation was 24  years; 

mean follow-up after leukemia diagnosis was 
16 years; and the prevalence of MetS increased 
with age and was 1.3%, 6.1%, 10.8%, and 22.4% 
at ages 20, 25, 30, and 35  years, respectively 
[31]. Irradiated and nonirradiated patients exhib-
ited different patterns of metabolic abnormalities, 
with more frequent abdominal obesity in irradi-
ated patients and more frequent hypertension in 
nonirradiated patients. Thus, survivors of child-
hood acute leukemia are at risk of the MetS, even 
when treated without HSCT or central nervous 
system irradiation. Risk factors that were signifi-
cantly associated with the MetS were male sex, 
age at last evaluation, and BMI at diagnosis. In 
this cohort, the cumulative steroid dose was not a 
significant risk factor [31].

 Significance

Long-term survivors after HSCT in childhood are 
at a high risk of insulin resistance, impaired glu-
cose tolerance, and T2D, even when at a normal 
weight and young age. This was shown in a study 
of long-term survivors, in which the median age 
of patients with allogeneic HSCT at the last fol-
low- up was 39  years and the median follow-up 
period was 9  years [32]. An arterial event was 
experienced by 6.8% of patients after allogeneic 
HSCT and by 2.1% patients after autologous 
HSCT. The cumulative incidence in the 15 years 
subsequent to allogeneic HSCT was 7.5%, com-
pared to 2.3% after autologous HSCT.  After 
adjusting for age, the risk of an arterial event was 
sevenfold higher after allogeneic HSCT (RR: 
6.92; P = 0.009). In multivariate analysis, alloge-
neic HSCT (RR: 14.5; P = 0.003), together with at 
least two of four cardiovascular risk factors 
(hypertension, dyslipidemia, diabetes, obesity) 
(RR: 12.4; P = 0.02), was associated with a higher 
incidence of arterial events after HSCT [32].

 Psychiatric Disorders

Obesity and psychiatric disorder may also have 
a bidirectional association. On one hand, many 
obese children suffer from depression and 
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anxiety and often require antipsychotic medica-
tions. On the other hand, psychiatric disorders 
have been implicated as a significant risk factor 
for obesity. Medications appear to be an impor-
tant mediator in these relationships. Prescriptions 
for antipsychotic medications among children 
and adolescents are reported to have increased 
greatly in recent years. First-generation antipsy-
chotics, also known as typical antipsychotics, 
were first developed in the 1950s. They have 
considerable potential to cause extrapyramidal 
side effects and tardive dyskinesia. Second-
generation antipsychotics, also known as atypi-
cal antipsychotics, were approved for use in the 
1990s as treatments for schizophrenia and bipo-
lar disorder, and some of them for the treatment 
of irritability in children with autism spectrum 
disorders. However, most antipsychotic medica-
tions used for children and adolescents are “off-
label,” either for indications or for age ranges 
that are not approved by the US Food and Drug 
Administration (FDA) [33]. About 60% of youth 
treated with antipsychotics were found to have 
no claim that indicated a mental disorder diag-
nosis. Youth who use atypical antipsychotics are 
more susceptible to acute and long-term adverse 
effects of these medications than are adults [33].

 Obesity Predates Psychiatric 
Disorders

Data from 41,654 respondents in the National 
Epidemiologic Survey revealed that the con-
tinuous variable of BMI was significantly asso-
ciated with most mood, anxiety, and personality 
disorders [34]. When persons were classified 
into BMI categories, those classified as obese 
and extremely obese had significantly increased 
odds of any mood, anxiety, or personality dis-
order; of major depression, dysthymia, or 
manic episode; and of antisocial, avoidant, 
schizoid, paranoid, and obsessive-compulsive 
personality disorders. Similarly, longitudinal 
studies of adolescents and young adults show 
that the prospective risk of developing depres-
sion in obese individuals was significantly 
higher in females [35].

 Persons with Psychiatric Disease Are 
at Higher Risk of Being Obese

The increased risk of overweight and obesity in 
patients with severe mental illness is likely to be 
a composite of decreased physical inactivity and 
poor diet, which are common in this population, 
as well as the inherent biological risk associated 
with mental illnesses and its treatment. In this 
scenario, weight gain usually appears faster and 
to a greater extent in children than in adults. In a 
historical prospective study of 146 adolescent 
patients, mean age 15 ± 2 years, treated in an ado-
lescent day unit and discharged after 
141  ±  76  days, a significant increase in BMI-z 
score was observed at admission and discharge 
(0.5 ± 1.2 vs. 0.7 ± 1.1, respectively, P < 0.001) 
[36]. Males were 3.5-fold more prone to weight 
gain than were females. In a systematic review 
and meta-analysis of randomized controlled trials 
of atypical antipsychotic drugs vs. placebo in 
2455 children, the mean increase in weight, rela-
tive to placebo, was greatest with olanzapine 
(3.5 kg), intermediate with risperidone (1.8 kg), 
and least with aripiprazole (0.9 kg). Olanzapine 
was also associated with increased glucose and 
total cholesterol levels [8].

 The Metabolic Syndrome 
in Psychiatric Disorders

Among adults, the prevalence of the MetS was 
20–40% [37–39]. Factors predicting the MetS are 
BMI, type of psychiatric diagnosis—bipolar I 
disorder (47%), bipolar II disorder (25%), major 
depressive disorder (22%), and anxiety-only dis-
orders (17%)—and no mood and/or anxiety dis-
orders (14%) [37]. In addition, the use of 
antipsychotics and mood stabilizers indepen-
dently predicted a higher risk of the MetS, after 
controlling for demographic variables and 
 psychiatric diagnoses. In another study, family 
history of diabetes and hyperlipidemia predicted 
MetS.  Compared to matched healthy controls 
(n = 253), patients with a first episode of psycho-
sis, aged 9–35  years (n  =  335), showed poorer 
metabolic profiles at diagnosis [40]. In addition, 
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2 years after the first episode of psychosis, indi-
viduals showed progressive worsening and higher 
mean levels of glucose, triglycerides, and dia-
stolic blood pressure and lower HDL-C, together 
with higher body weight, BMI, and waist circum-
ference compared to the control group. The rate 
of the MetS increased in the psychosis group, 
from 6.6% to 14.6% during 2 years, whereas it 
remained steady at 3.4% in the control group. 
Male sex; the presence of affective symptoms or 
an early-onset, antipsychotic polypharmacy; and 
the use of antidepressants or mood stabilizers 
were associated with higher risk [40].

Data are scarce regarding antipsychotics and 
the risk of T2D in children and adolescents. A 
meta-analysis was conducted on 13 retrospective 
and prospective studies, which included 185 105 
youth exposed to antipsychotics and 310 438 
patient-years [41]; the mean age at diagnosis 
was 14.1 ± 2.1 years. During a relatively short 
mean follow-up time of 1.7  years, patients 
exposed to antipsychotics had a three  times 
higher incidence of T2D than did healthy con-
trols and almost twice the incidence of that of 
nonexposed psychiatric patients. The smaller 
difference with psychiatrically ill patients than 
with healthy controls may reflect contributions 
of unhealthy lifestyle behaviors and other phar-
macological treatments associated with psychi-
atric disorders to the risk of weight gain and T2D 
[41]. Greater cumulative T2D risk was associ-
ated with longer follow-up (P < 001), olanzapine 
prescription, and male sex.

 Significance and Treatment

The preponderance of evidence suggests that 
patients with major depression, bipolar disorder, 
and schizophrenia are at significantly higher risk 
for cardiovascular morbidity and mortality than 
are their counterparts in the general population 
[42]. Moreover, in these patients, CVD is the 
commonest cause of death [42]. It is therefore 
critical to prevent weight gain and associated 
comorbidities. A meta-analysis of 12 published 
studies, with a total of 743 patients treated with 
antipsychotics, found that metformin treatment 

resulted in significantly better anthropometric 
and metabolic parameters than did placebo [43]. 
The mean difference in weight was −3.3  kg. 
Metformin compared to placebo resulted in a sig-
nificant reduction in BMI, by −1.1 kg/m2, and in 
insulin resistance, but not in fasting blood sugar. 
A small body of research suggests that children 
who gain weight with atypical antipsychotics 
could lose some of this weight with adjunctive 
treatment with metformin (1000–1700  mg/d) 
[44]. It is not clear, however, whether glucose and 
lipid metabolism also improves [45].

 Epilepsy

Patients with epilepsy have high incidences of 
cardiovascular mortality and morbidity com-
pared to the general population [46].

 Are Overweight and Obesity More 
Prevalent in Individuals 
with Epilepsy?

Newly diagnosed children with epilepsy, aged 
2–18 years, and not previously treated with anti-
epileptic medication (n = 251), were compared to 
a healthy control group [47]. Overall, 39% of the 
epilepsy groups was considered overweight or 
obese (BMI ≥85th percentile for age), compared 
with 28% of the healthy control group. Mean 
BMI-z scores differed significantly between the 
epilepsy cohort and the standard US Centers  
for Disease Control (CDC) growth curve 
(P < 0.0001). Obesity correlated with increasing 
age, idiopathic etiology, and the absence of con-
comitant medication. It is unclear if the elevated 
rate of obesity in the epilepsy population is coin-
cidental or a result of a common mechanism.

Several antiepileptic drugs (i.e., valproic acid 
[VPA], carbamazepine, gabapentin, and vigaba-
trin) promote weight gain. Since antiepileptic 
therapy is often prescribed for years, and some-
times for an entire lifetime, it is crucial to under-
stand the impact of the drugs, throughout the 
therapy course, on weight status, insulin resis-
tance, and the MetS.

U. Hamiel and O. Pinhas-Hamiel



45

Among individuals with epilepsy, increased 
weight gain and the occurrence of overweight 
seem to be greater with increased age. Eighty- 
seven patients, mean age at initiation of VPA 
therapy 4.8  ±  0.8  years, were followed for 
3 years [48]. The mean change from baseline in 
BMI-z scores was 0.80 (P = 0.001). The percent-
age of overweight children at baseline was 6.9% 
and rose to 16% by the final visit (P  =  0.08). 
Among 114 epileptic children, mean age 
10.1 ± 4.7 years, treated with VPA monotherapy 
for at least 24 months, 40% had a considerable 
increase in body weight at the end of follow-up 
and 17% developed obesity [49]. Similarly, 
among 43 children aged 10–17  years, mild-to-
moderate weight gain was observed in 58% of 
those who were treated with VPA and 14% were 
classified as overweight or obese. Overweight at 
initiation was a predictor of overweight at fol-
low-up. Among adults with epilepsy, 57–71% 
gained weight [50]. A long duration of therapy 
was associated with significant gain, which per-
sisted after the first rapid increase of weight dur-
ing the first months of therapy. Women seemed 
to be more prone to weight gain during VPA 
therapy than men.

 Insulin Resistance and Epilepsy

Data are inconsistent regarding insulin concen-
trations in individuals treated with VPA. Among 
those with newly diagnosed idiopathic epilepsy, 
insulin concentrations and the insulin resistance 
index did not differ before and after 6 and 
12 months of treatment [51]. Insulin concentra-
tions were compared between 81 adult patients, 
mean age 30  ±  11  years, treated with VPA for 
6.5  ±  4.9  years and 51 healthy controls aged 
37 ± 7 years. Forty-nine of the epileptic patients 
and the control group were obese. The mean 
insulin concentration was higher in the VPA- 
treated than in the control group, despite similar 
BMI. Furthermore, serum insulin concentrations 
were also higher among lean males and lean 
females than among lean controls of the same sex 
[51]. Adult patients treated with VPA (n  =  51) 
had fasting hyperinsulinemia, although their fast-

ing serum proinsulin and C-peptide concentra-
tions were similar to values in healthy controls 
(n = 45). This suggests that VPA does not induce 
insulin secretion but may interfere with insulin 
metabolism in the liver, resulting in higher insu-
lin concentrations in peripheral circulation [52].

 Metabolic Syndrome in Epilepsy

Of children and adolescents who became obese 
since the initiation of VPA therapy, 40% devel-
oped the MetS [49]. Other smaller studies did not 
find a statistically significant increased risk of 
MetS among patients on VPA, despite an 
increased risk of hyperinsulinemia [53–55]. One 
of those studies observed a small positive corre-
lation between the development of MetS and 
both the HOMA index and VPA dosage [54]. 
MetS prevalence was compared between 118 
patients with epilepsy who received VPA mono-
therapy for a median duration of 6 years and 492 
individuals in the same geographic region [52]. 
VPA-treated patients had higher serum insulin 
concentrations than did controls, independent of 
BMI [52]. However, the risk of MS was not 
increased among VPA-treated patients with epi-
lepsy compared to the general population. Among 
epileptic patients with at least 3 years of varied 
antiepileptic treatment in northern India, 29.5% 
of those younger than age 50 with epilepsy had 
MetS, compared to 21.9% of similar aged per-
sons in the general population [56]. This differ-
ence did not reach statistical significance overall 
(P = 0.066), but was significant in males (32.5% 
vs. 17.41%, P  =  0.001). The study specifically 
showed that the use of VPA was associated with a 
significantly increased risk of the prevalence of 
MetS [56]. The reason that VPA might cause 
MetS in some, but not all, patients remains 
unclear and controversial. Genetic factors that 
influence energy homeostasis, such as the insulin 
receptor signaling pathway or lipid metabolism, 
might represent possible explanations for the 
development of MetS in a certain proportion of 
obese patients [57, 58]. The metabolic changes 
reported in epileptic patients treated with VPA 
are secondary to excess fat mass, since these 
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changes are not present in epileptic patients 
treated with VPA who do not gain weight [59]. 
This suggests that MetS is not directly caused by 
VPA medication but may be related to the weight 
gain induced by VPA therapy.

 Multiple Sclerosis

Multiple sclerosis (MS) is an inflammatory 
chronic disease. First symptoms generally appear 
in young adults and disability progresses over 
time. In individuals with multiple sclerosis, both 
disability and steroid treatment may account for 
an increased prevalence of the MetS. Among 130 
adults with MS who had disabilities, mean age 
55 ± 6 years and disease duration 18 ± 10 years, 
obesity was present in 18.5% and overweight in 
34.6% [60]. Compared to the general population, 
adult disabled MS patients had lower rates of 
obesity and overweight, as assessed by 
BMI. Despite these reduced rates, the prevalence 
of the MetS was 30%, with no difference between 
the sexes, and was similar to that of the general 
population. To better explain this paradox, it is 
important to understand the components of MetS 
that result in its high prevalence in patients with 
MS. Fifty-six percent of MS patients had waist 
circumference consistent with abdominal obe-
sity; this rate is higher than the previously 
reported rates of 21% and 39% in males and 
females of the same age groups in the general 
population. Thus, BMI may be misleading in 
terms of health risk in disabled patients. This 
finding is supported by previous observations of 
lower ratios of muscle to fat in MS patients and in 
individuals with other disabilities. The ENRICA 
study showed a MetS prevalence of 22.7% (95% 
CI: 21.7–23.7%) in a sample of 11,143 adults in 
Spain [61].

Abdominal obesity is a major risk factor for 
coronary heart disease and T2D. Indeed, patients 
with MS have been reported to have a 2.4-fold 
increased rate of death related to CVD than peo-
ple without MS. Of note, the occurrence of MetS 
was not associated with possible risk factors, 
such as disease duration, degree of disability, and 
the number of steroid courses received [60]. A 

study of 222 MS patients from two regions of 
Spain, mean age 45 years, provides support for 
the presence of comorbidities and MetS in MS 
patients, as well as for a trend for increasing 
comorbidity with increasing MS disability. 
Depression, dyslipidemia, hypertension, and 
obesity were the most frequently observed 
comorbidities [61].

 Classical Congenital Adrenal 
Hyperplasia Due to 21-Hydroxylase 
Deficiency

Congenital adrenal hyperplasia (CAH) is lethal 
in its most severe forms, if not treated with gluco-
corticoids. However, glucocorticoids may 
increase the risk of cardiovascular and metabolic 
morbidity. Childhood obesity rates in CAH 
exceed the high rates seen in normal children  
and may potentially increase the risk of 
CVD. Abdominal adiposity, particularly visceral 
adipose tissue, is strongly associated with MetS 
and CVD [41]. A cross-sectional study matched 
15 females and 13 males with CAH, mean age 
15.6 ± 3.2 years, for age, sex, ethnicity, and BMI 
to healthy controls [41]. CAH adolescents and 
young adults had increased abdominal adiposity, 
with a higher proportion of visceral adipose tis-
sue. HOMA-IR and LDL-C were found to corre-
late with abdominal adiposity. In addition, 
measures of inflammation, plasminogen activator 
inhibitor-1, high-sensitivity C-reactive protein, 
and leptin correlated strongly with visceral adi-
pose tissue.

Using the Swedish national registry, 588 
patients with CAH due to 21-hydroxylase defi-
ciency were compared to matched controls 
(n = 58,800); the median age was 26 years (0–90) 
[62]. In the CAH group, the risk of any cardio-
vascular disease or metabolic disorder was sig-
nificantly increased (OR, 3.9; 95% CI, 3.1–5.0). 
Separate analyses of individual disorders showed 
higher frequencies in CAH of hypertension, 
hyperlipidemia, atrial fibrillation, venous throm-
boembolism, obesity, diabetes (mainly type 2), 
obstructive sleep disorder, thyrotoxicosis, and 
hypothyroidism. The risk was almost four times 
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higher for females but not significantly higher 
for males. Similarly, diabetes and hypertension 
were more prevalent in CAH patients, particu-
larly in females. In the general population, the 
higher prevalence of CVD in men versus women 
has been attributed to their higher testosterone 
concentrations. Similarly, higher testosterone 
concentrations among CAH females were pro-
posed as one of the reasons for their increased 
CVD risk [62]. Alternatively, due to their greater 
likelihood to manifest symptoms of hyperan-
drogenism than CAH males, CAH females may 
be exposed to higher doses of corticosteroids, 
resulting in obesity, insulin resistance, and 
CVD.  Finally, some genetic subgroups seemed 
to be more affected.

 Steroids

Up to 0.9% of the adult Western population 
reportedly receive systemic glucocorticoid (GC) 
therapy [63]. GCs are potent drugs that are 
important components of rational therapy for a 
number of common diseases in pediatrics. 
Diabetes mellitus, dyslipidemia, central obesity, 
and hypertension are well-known and common 
sequelae of glucocorticoid treatment [64] and are 
dependent on the administered dose and duration 
of treatment. Impaired glucose tolerance is a very 
consistent finding in clinical studies after GC 
exposure; the numerous mechanisms suggested 
for its development are as follows: direct inhibi-
tion of insulin signaling in skeletal muscle, 
induction of protein catabolism, enhancement of 
whole-body lipolysis, increased hepatic glucose 
production, alteration of hepatic lipid metabo-
lism, increased body fat content and alteration of 
body fat distribution, modulation of adipose tis-
sue biology, and impairment of insulin secretion. 
It has been suggested that GC may induce 
β(beta)-cell dysfunction and, thus, determine the 
progression from insulin resistance to hypergly-
cemia [65, 66].

Features of the MetS show a correlation to 
increased GC activity [67], though a clear asso-
ciation between excess plasma levels of GCs and 
the MetS has yet to be established. Only a few 

studies are available on patients who are treated 
with systemic glucocorticoids and who have 
MetS. However, one study of patients with rheu-
matoid arthritis demonstrated an association of 
previous exposure to oral prednisone and high 
doses of pulsed GCs with decreased insulin sen-
sitivity. GC use was not associated with obesity, 
hypertension, or dyslipidemia in that study [68]. 
Another study found an association of cumula-
tive GC dose with glucose tolerance and insulin 
sensitivity, but not with other comparable meta-
bolic parameters [69]. Patients with polymyositis 
and MetS had received more cumulative pred-
nisolone doses (P < 0.050).

A randomized controlled trial in patients 
needing GC therapy showed a beneficial effect 
of metformin on glycemic control. This sug-
gests that metformin may be a promising drug 
for preventing metabolic side effects during sys-
temic GC treatment [70]. Another such drug is 
an 11β(beta)-HSD type 1 inhibitor, which is 
now in clinical trials. Local GC action depends 
on intracellular GC metabolism by 11β(beta)-
hydroxysteroid dehydrogenases (11β[beta]-
HSD). While 11β(beta)-HSD type 1 amplifies 
GC activity, 11β(beta)-HSD type 2 reduces it. 
Several studies in both rodents and humans have 
shown a positive association of 11β(beta)-HSD 
type 1 expression and activity in subcutaneous 
adipose tissue with insulin resistance and obe-
sity [64, 71].

In conclusion, GC action appears to mediate 
certain aspects of the MetS. Prospects of target-
ing key players in GC action might show benefit 
in treatment of features of the MetS.

 Other Common Medications 
Associated with the Metabolic 
Syndrome

The possibility that oral contraceptive pills 
(OCPs) may be associated with cardiometabolic 
parameters remains controversial. In a  longitudinal 
population-based study that followed 3160 
women, OCPs appeared to have no cardiometa-
bolic effects when used for less than 3  years. 
However, the odds ratio of hypercholesterolemia 
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was significantly higher in women who used 
OCPs for >36  months compared to non-OCP 
users [8].

A number of medications other than GCs—
antepileptics, antidepressants, growth hormone, 
beta-blockers, and antihypertensive agents—
have been associated with increases in the risk of 
the MetS, either by promoting weight gain or by 
altering lipid or glucose metabolism [72].

 Summary

Patients with several chronic diseases are at 
increased risk of developing obesity secondary 
to lifestyle factors associated with their chronic 
diseases, as well as due to their medications. 
Obesity has been considered a crucial compo-
nent in the MetS.  Furthermore, patients with 
chronic disease may develop components of the 
MetS even with normal BMI, as a result of an 
increase in the total percent of fat mass, as well 
as a reduction in lean body mass. Patients with 
chronic diseases carry an increased risk of mor-
bidity due to coronary heart disease, which may 
be associated with the risk for MetS. Beneficial 
effects of metformin have been demonstrated in 
small studies in some disorders, and targeting of 
insulin resistance may be a promising approach 
for preventing cardiometabolic side effects in 
some chronic diseases.
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Molecular Mechanisms of Insulin 
Resistance

Boris Draznin

Even though insulin resistance has emerged as an 
enormous healthcare problem, intersecting the 
fields of obesity, diabetes, hypertension, and  
cardiovascular diseases [1, 2], its molecular 
mechanism remains incompletely understood. 
Clinically, the term insulin resistance implies 
that higher-than-normal concentrations of insulin 
are required to maintain normoglycemia. In other 
words, insulin-resistant humans and animals 
develop compensatory hyperinsulinemia in order 
to ensure normal utilization of glucose by the 
insulin target tissues [3]. Physiologically, insulin 
is released from the pancreatic β(beta)-cells post-
prandially in order to maintain euglycemia. 
Insulin promotes glucose uptake in skeletal mus-
cle and fat by stimulating translocation of glu-
cose transporter 4 (GLUT 4) from the cytosol to 
the plasma membrane where it facilitates glucose 
transport [4, 5]. Concomitantly, insulin stimu-
lates intracellular utilization of glucose by many 
other tissues, as well. Post-absorptively, the main 
physiological task of insulin is to suppress glu-
cose production by the liver. Thus, if any one of 
these two main aspects of insulin action is 
impaired, one can encounter insulin resistance 
either at the level of skeletal muscle and fat or 

hepatic insulin resistance, both of which contrib-
ute to total body insulin resistance.

On a cellular level, insulin plays an important 
role not only in carbohydrate metabolism but also 
in protein and lipid synthesis, ion fluxes, and cell 
growth and differentiation, as well as in inhibi-
tion of lipolysis, protein degradation, and apopto-
sis. A possibility that not all aspects of insulin 
action are affected equally by insulin resistance 
gave rise to a concept of “selective insulin resis-
tance.” It also became apparent that many “meta-
bolic” aspects of insulin action are mediated via 
stimulation of a distinct intracellular signaling 
pathway from the pathway involved in activation 
of the “mitogenic” aspects of insulin action [6–
15]. Thus, on a cellular level, the term “insulin 
resistance” defines an inadequate strength of 
insulin signaling from the insulin receptor down-
stream to the final substrates of insulin action 
involved in multiple metabolic and mitogenic 
aspects of cellular function [16, 17].

If insulin binding to its receptor is the first step 
in the mechanism of insulin action, propagation 
of the signal generated by this binding event 
downstream to the signaling molecules repre-
sents the next steps in implementation of cellular 
response to insulin. Insulin signaling constitutes 
a complex system, and while signals are trans-
mitted downstream via multiple phosphorylation 
and dephosphorylation steps, there are several 
feedback regulatory steps that guard against 
overstimulation [18, 19]. Furthermore, enzymes 
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and nonenzymatic proteins, as well as other sig-
naling molecules involved in propagation of 
insulin signaling, can affect and frequently are 
affected by other intracellular mediators, includ-
ing inflammatory molecules and lipids, which 
mainly result in inhibition of insulin action [20, 
21].

Even though there is redundancy in multiple 
sites of the insulin signaling system, defects in 
the insulin signaling cascade consisting of single 
inherited or multiple acquired mutations that 
block insulin action have been described in 
humans [22], resulting in various phenotypic 
expressions of hyperglycemia and diabetes. In 
some cases, impairment of insulin action can lead 
to the subtle clinical manifestations of mild insu-
lin resistance and minimal hyperglycemia, while 
in other cases patients may exhibit severe insulin 
resistance with or without overt diabetes.

Insulin action is initiated by an interaction of 
insulin with its cell surface receptor [23, 24]. The 
insulin receptor is a heterotetrameric protein that 
consists of two extracellular α(alpha) subunits 
and two transmembrane β(beta) subunits con-
nected by disulfide bridges [25–27]. Insulin bind-
ing to the extracellular α(alpha) subunit induces 
conformational changes of the insulin receptor 
that activate the tyrosine kinase (TK) domain of 
the intracellular portion of the β(beta) subunit 
[28–31]. Once the TK of insulin receptors is acti-
vated, it promotes autophosphorylation of the 
β(beta) subunit itself, where phosphorylation of 
three tyrosine residues (Tyr-1158, Tyr-1162, and 
Tyr-1163) is required for amplification of the 
kinase activity [32, 33]. Activation of the TK of 
the insulin receptor also leads to a rapid phos-
phorylation of the so-called docking proteins, 
such as insulin receptor substrate (IRS)-1, IRS-2, 
IRS-3, and IRS-4 and several Shc (Src-homology 
collagen) proteins (52, 46, and 64 kD isoforms) 
[34, 35] that, in turn, attract multiple intracellular 
signaling intermediates.

Initial attempts to unravel the molecular 
mechanism of insulin resistance have strongly 
suggested that a defect responsible for insulin 
resistance in the majority of patients lies at the 
post-receptor level of insulin signaling [36–38]. 
Thus, numerous studies have demonstrated that 

the number and function (tyrosine kinase activ-
ity) of insulin receptors are either normal or only 
slightly reduced in patients and experimental ani-
mals with insulin resistance—insufficient to 
account for a substantial reduction in insulin 
action.

Furthermore, studies in the laboratory of 
Petersen and Shulman [39], using in vivo mag-
netic resonance spectroscopy to measure intra-
cellular concentrations of naturally occurring 
isotopes (1H, 13C, and 31P), indicated that insulin 
resistance in patients with type 2 diabetes and 
offspring of patients with type 2 diabetes is attrib-
utable mostly to a defect in insulin-stimulated 
glucose transport into skeletal muscle. Thus, the 
question as to why insulin-stimulated glucose 
uptake is defective in insulin resistance remains a 
subject of intense investigation.

The IRS and Shc proteins play an important 
regulatory role in the insulin signaling cascade, 
as in their phosphorylated form they become 
points of anchoring for intracellular proteins con-
taining Src-homology-2 (SH-2) domains [23, 
24]. Whereas interaction of IRS and Shc proteins 
with the intracellular domain of the insulin recep-
tor constitutes the first step in dispersing the 
directions of insulin signaling intracellularly, 
their ability to attract multiple signaling interme-
diates to their own phosphorylated domains fur-
ther partitions insulin signaling downstream, thus 
accounting for the multitude of insulin’s biologi-
cal effects [23, 24].

Most, if not all, of the metabolic and anti- 
apoptotic effects of insulin are mediated by the 
signaling pathway involving IRS proteins, phos-
phorylation, and activation of phosphatidylino-
sitol 3-kinase (PI 3-kinase), Akt (also known as 
protein kinase B or PKB), mTOR (molecular 
target of rapamycin), and p70 S6 kinase [6–9]. 
Activation of PI 3-kinase, Akt, and atypical pro-
tein kinase C (PKC) via the phosphoinositide- 
dependent protein kinase (PDK) [10] appears to 
be critical in the mechanism of insulin action on 
GLUT-4 translocation and glucose transport. In 
contrast, non-metabolic, proliferative, and mito-
genic effects of insulin are mediated largely via 
the activation of Ras (mostly through Shc and to 
a lesser degree through IRS proteins), Raf, and 
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mitogen-activated protein (MAP) kinases Erk 1 
and Erk 2 [11–15].

Activation of PI 3-kinase results in genera-
tion of phosphatidylinositol triphosphate, PIP3, 
or phosphoinositide 3,4,5-P3, which in turn 
phosphorylates a serine kinase Akt [40]. 
Posttranslationally, Akt binds to heat shock 
protein 90, protecting the inactive Akt from 
proteasomal degradation [41]. Akt is then 
recruited to the cell membrane through PIP3 
[40, 42]. In addition to Akt, PIP3 also recruits 
PDK1, which phosphorylates and activates Akt. 
Generation of PIP3 is negatively regulated by 
phosphatase and tensin homolog (PTEN) that 
prevents activation of Akt by dephosphorylat-
ing PIP3. PTEN deletion is the most common 
mechanism of hyperactivation of Akt in human 
malignancy [43].

Subsequent studies in insulin-resistant animal 
models and humans have consistently demon-
strated a reduced strength of insulin signaling via 
the IRS-1–PI 3-kinase pathway [44, 45], result-
ing in diminished glucose uptake and utilization 
in insulin target tissues. However, the nature of 
the culprit that initiates and sustains impaired 
insulin signal transduction along the IRS-1–PI 
3-kinase pathway is still largely enigmatic. Two 
separate, but likely complementary, mechanisms 
have recently emerged as a potential explanation 
for the reduced strength of the IRS-1–PI 3-kinase 
signaling pathway.

 Serine Phosphorylation of IRS-1

First, it became apparent that serine phosphoryla-
tion of IRS proteins can reduce the ability of IRS 
proteins to attract PI 3-kinase, thereby minimiz-
ing its activation [19, 46–49], and can also lead to 
an accelerated degradation of IRS-1 protein [50]. 
Thus, in contrast to a signal promoting tyrosine 
phosphorylation, excessive serine phosphoryla-
tion of IRS proteins could become detrimental 
for normal conductance of the metabolic insulin 
signaling downstream, causing insulin resistance. 
Serine phosphorylation of IRS proteins can occur 
in response to a number of intracellular serine 
kinases (Table 4.1) [51–75].

A cellular nutrient sensor, mTOR, has been 
identified as a critical element integrating cel-
lular metabolism with growth factor signaling 
[76–80]. In response to insulin and amino acids, 
mTOR, which is a serine/threonine kinase, 
phosphorylates and modulates activities of p70 
S6 kinase (S6K1 kinase) and is an inhibitor of 
translational initiation, eIF-4E-binding protein 
(eIF- 4EBP) [81, 82]. mTOR interacts with two 
scaffolding proteins, Raptor [83, 84] and Rictor 
[85–87]. The Raptor/mTOR complex is rapamy-
cin sensitive and regulates growth via S6K1 and 
eIF-4EBP [83, 84]. The Rictor/mTOR complex 
is insensitive to rapamycin and regulates cellu-
lar proliferation via Akt [88], PKCα(alpha) [87], 
and small molecular weight GTPases [85]. 
While insulin activates mTOR and S6K1 kinase 
via the IRS-1/PI 3-kinase/Akt pathway [89, 90], 
amino acids seem to exert their effect through a 
direct influence on mTOR [78, 91, 92]. In any 
event, activation of mTOR and S6K1 kinase 
causes serine phosphorylation of IRS-1, with a 
subsequent decline in the IRS-1-associated PI 
3-kinase activity (Fig. 4.1a). In contrast to wild-
type littermates, transgenic mice lacking S6K1 
kinase (S6K1-deficient mice) displayed a strong 
resistance to age- and diet-induced obesity and 
insulin resistance [47]. Moreover, because wild-
type mice on a high-fat diet demonstrated sig-
nificantly elevated S6K1 kinase activity and 
serine phosphorylation of IRS-1, it has been 
suggested that under conditions of nutrient satu-
ration, S6K1 kinase may negatively regulate 
insulin signaling and sensitivity [47, 93, 94].

In addition to the inhibitory phosphorylation 
of IRS-1 on Ser 307 by S6K1, mTOR can directly 
phosphorylate IRS-1 on Ser 636/639 (human 

Table 4.1 IRS-1 serine phosphorylation can be caused by

1.  mTOR – p70S6 kinase – Amino acids, 
hyperinsulinemia, TSC1–2 depletion, nutrition 
[51–54]

2.   JNK – Stress, hyperlipidemia, inflammation [55–59]
3. IKK – Inflammation [60–63]
4. TNF-α(alpha) – Obesity, inflammation [64–68]
5. Mitochondrial dysfunction [69–71]
6.  PKCθ(theta) – Hyperglycemia, diacylglycerol, 

inflammation [58, 72–75]
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Fig. 4.1 Inhibition of the metabolic insulin signaling. 
IRS-1 is phosphorylated by the tyrosine kinase of the 
insulin receptor in response to insulin binding. Protein/
lipid kinase, PI 3-kinase, binds to the specific MYMX 
motifs of IRS-1, containing phosphorylated tyrosine resi-
dues. PI 3-kinase is then activated and initiates a down-
stream cascade of events leading to the phosphorylation 
and activation of Akt, mTOR, and p70S6 kinase. 
Activation of Akt appears to be important for glucose 
transport, while activation of mTOR and p70S6 kinase 
participates in the process of protein synthesis. (a) 
Hyperactivation of mTOR by amino acids, Akt, or hyper-
insulinemia results in serine phosphorylation of IRS-1 by 

p70S6 kinase with a subsequent decrease in the strength 
of the IRS-1–PI 3-kinase signaling. In addition, serine 
phosphorylation of IRS-1 can be promoted by JNK, PKC, 
IKKβ(beta), and TNFα(alpha). (b) Increased expression 
of p85α(alpha) monomer competes with and displaces the 
p85–p110 heterodimer from the IRS-1 binding sites. The 
resultant decrease in association of p110 with IRS-1 
diminishes PI 3-kinase activity and the downstream 
effects of this kinase. Steroids, GH, hPGH, a short-term 
overfeeding, obesity, and type 2 diabetes have been shown 
to increase p85α(alpha) expression. (See text for details 
and references)

B. Draznin



59

 isoform) [95]. The mTOR-S6K1-mediated serine 
phosphorylation of IRS-1 can act as a homeo-
static negative feedback loop in response to nutri-
ents and, possibly, hyperglycemia. In the state of 
nutritional excess, such as obesity and type 2 dia-
betes, compensatory hyperinsulinemia may  
synergistically hyperactivate the mTOR/S6K1 
pathway, leading to serine phosphorylation of 
IRS-1, its degradation, and further decline in PI 
3-kinase activity.

Because insulin resistance can be induced by 
mechanisms other than nutritional excess, serine 
phosphorylation of IRS-1 has been examined 
under various circumstances. It appears that in 
addition to the mTOR-S6K1-dependent mecha-
nism, various serine kinases, such as c-Jun amino 
terminal kinase (JNK), stress-activated protein 
kinases, tumor necrosis factor α(alpha) 
(TNFα[alpha]), and PKC, among others, can pro-
mote serine phosphorylation of IRS-1 (Table 4.1 
and Fig. 4.1a) [51–75].

Activation of JNK by free fatty acids (FFA), 
stress, and inflammation [55–58] has been shown 
to increase serine phosphorylation of IRS-1, with 
a resulting decline in the strength of insulin sig-
naling along the metabolic pathway [96, 97]. 
Blocking JNK activation rescued the cellular  
and molecular defects induced by FFA [95]. 
Furthermore, JNK-1 knockout mice were found 
to be resistant to diet-induced obesity and insulin 
resistance [55]. Treatment of cells with a specific 
JNK activator, anisomycin, was reported to elicit 
IRS-1 phosphorylation on Ser 307 [98]. Increased 
serine 307 phosphorylation of IRS-1 has been 
found in liver of the wild-type but not JNK-1- 
defficient mice [99].

Similarly, activation of the pro-inflamma-
tory kinase that phosphorylates the inhibitor of 
NF-κ(kappa)B, inhibitor kappa B kinase 
β(beta) (IKKβ[beta]), has been shown to induce 
insulin resistance [60, 61, 99, 100]. In an 
unstimulated state, NF-κ(kappa)B dimers are 
restrained in the cytoplasm in association with 
inhibitory proteins Iκ(kappa)Bs. In response to 
pro-inflammatory stimuli, such as TNFα(alpha), 
IKKβ(beta) is activated and phosphorylates 
two serine residues of the Iκ(kappa)B. 

Phosphorylated Iκ(kappa)B is rapidly degraded 
by proteasomes, releasing NF-κ(kappa)B for 
translocation to the nucleus where it activates 
transcription of target genes. Inhibition of 
IKKβ(beta) with salicylates has been shown to 
prevent and reverse diet- and obesity- induced 
insulin resistance [62, 63].

Activation of IKKβ(beta) in skeletal muscle is 
associated with impaired IRS-1–PI 3-kinase sig-
naling [101]. Furthermore, Kim et al. [102] have 
demonstrated that activation of IKKβ(beta) by 
hyperglycemia played an important role in 
impaired insulin-stimulated nitric oxide produc-
tion in endothelial cells. Overexpression of wild- 
type IKKβ(beta) recapitulated the deleterious 
effect of hyperglycemia on insulin-mediated acti-
vation of endothelial nitric oxide synthase [63]. 
Taken together, available evidence implicates 
IKKβ(beta) in the pathogenesis of insulin resis-
tance via a mechanism that involves impairment 
in the IRS-1–PI 3-kinase signaling pathway.

TNFα(alpha), an agent responsible for 
cachexia, has been shown to be increased in adi-
pose tissue of obese, insulin-resistant humans 
and animals. Because removal of TNFα(alpha) 
appeared to reverse insulin resistance in animal 
models, it has been suggested that TNFα(alpha) 
plays an important role in the pathogenesis  
of insulin resistance in obesity [64–66]. 
Furthermore, mice lacking TNFα(alpha) function 
were protected from obesity-induced insulin 
resistance [67]. More recently, TNFα(alpha) has 
been shown to block insulin signaling by promot-
ing serine phosphorylation of IRS-1 [68], with a 
resultant decline in IRS-1-associated PI 3-kinase 
activity.

Recently, a hypothesis that mitochondrial  
dysfunction or reduced mitochondrial content 
accompanied by decreased mitochondrial fatty 
acid oxidation and accumulation of fatty acid 
acyl CoA and diacylglycerol can cause insulin 
resistance has gained substantial experimental 
support [69–71]. The mechanism of insulin resis-
tance in these cases has been suggested to involve 
activation of a novel PKC that either by itself or 
via IKKβ(beta) or JNK-1 could lead to increased 
serine phosphorylation of IRS-1.
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The pro-inflammatory novel PKCθ(theta) has 
been found to cause serine phosphorylation of 
IRS-1 [72, 73], while PKCθ(theta) knockout 
mice have been shown to be protected from fat- 
induced insulin resistance [74]. Increased activity 
of PKCθ(theta) along with increased activity of 
JNK has also been found in skeletal muscle of 
obese and type 2 diabetic subjects [58, 75], sup-
porting a potential role of these serine kinases in 
the pathogenesis of insulin resistance.

 Increased Expression 
of p85α(Alpha)

A second molecular mechanism that can poten-
tially lead to insulin resistance is a disruption in 
the balance between the amounts of the PI 
3-kinase subunits [103]. PI 3-kinase belongs to 
the class 1a 3-kinases [104], which exist as het-
erodimers, consisting of a regulatory subunit 
(p85) that is tightly associated with a catalytic 
subunit, p110. The regulatory p85 subunit is 
encoded by at least three genes that generate 
highly homologous products. Two isoforms are 
termed p85α(alpha) (PIK3R1) and p85β(beta) 
(products of the two genes). Three splice variants 
of p85α(alpha) have been reported, including 
p85α(alpha) itself, p55α(alpha), and p50α(alpha). 
The third gene product is p55γ(gamma). The 
p85α(alpha), however, appears to be the most 
abundant isoform [104].

The main function of the class 1a 3-kinases is 
to produce phosphoinositide 3,4,5- P3—one of 
the major signaling components of the cell. These 
kinases are obligate heterodimers because p110 
catalytic subunits are unstable as monomers in 
mammalian cells [105]. The p85 regulatory sub-
unit stabilizes the p110 subunit [106–108] and 
maintains it in a low activity state [105]. 
Activation of the p85–p110 heterodimer involves 
a conformational change disinhibiting p110. It 
appears that the N-terminal SH2 domain of the 
regulatory p85 subunit (nSH2) is the major regu-
lator of p110 activity [109–111]. The nSH2 
domain of p85 inhibits p110 activity, and its 
interaction with a phosphopeptide disinhibits the 
p85–p110 heterodimer’s activity [109–111].

Normally, the regulatory subunit exists in stoi-
chiometric excess to the catalytic one, resulting 
in a pool of free p85 monomers not associated 
with the p110 catalytic subunit. Thus, there exists 
a balance between the free p85 monomer and the 
p85–p110 heterodimer, with the latter being 
responsible for the PI 3-kinase activity. Increases 
or decreases in expression of p85 shift this bal-
ance in favor of either free p85 or p85–p110 com-
plexes [112–115]. Because the p85 monomer and 
the p85–p110 heterodimer compete for the same 
binding sites on the tyrosine-phosphorylated IRS 
proteins, an imbalance could cause either 
increased or decreased PI 3-kinase activity 
(Fig.  4.1b). This possibility has been recently 
supported by studies in insulin-resistant states 
induced by human placental growth hormone 
[116], obesity, and type 2 diabetes [58] and by 
short-term overfeeding of lean nondiabetic 
women [117].

One of the first indications that an imbalance 
between the abundance of p85 and p110 can alter 
PI 3-kinase activity came from experiments with 
L-6 cultured skeletal muscle cells treated with 
dexamethasone [118]. This treatment signifi-
cantly reduced PI 3-kinase activity, despite an 
almost fourfold increase in expression of 
p85α(alpha) (no change in p85β[beta]) and only a 
minimal increase in p110. The authors concluded 
that p85α(alpha) competes with the p85–p110 
heterodimer, thus reducing PI 3-kinase activity 
(Table 4.2) [58, 116, 117, 119, 120].

Subsequently, animals with a targeted disrup-
tion of p85α(alpha) (p85+/− heterozygous mice) 
have been found to have a higher ratio of p85–
p110 dimer to free p85 and to be more sensitive 
to insulin [103, 119, 121]. In order to determine 
this ratio, the investigators immunodepleted p110 
and blotted both the immunoprecipitates and the 
supernatant with p85 antibody. The amounts of 

Table 4.2 An imbalance between PI 3-kinase subunits 
can be caused by

1. Steroids [119]
2. Growth hormone (GH) [120]
3. Human placental (hPGH) [116, 120]
4. Short-term overfeeding [117]
5. Obesity and diabetes [58]
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p85 in the p110 immunoprecipitates denote p85 
bound to p110, while the amount of p85  in the 
supernatant represents free (excess) p85. The 
greater the ratio of bound to free, the greater the 
insulin sensitivity the mice display. The same 
group of authors then overexpressed p85α(alpha) 
in cultured cells. This overexpression signifi-
cantly inhibited the PI 3-kinase activity [114, 
115, 122]. Overexpression of p50α(alpha) or 
p55α(alpha) did not inhibit PI 3-kinase activity to 
the same extent. These experimental results were 
consistent with the competition hypothesis.

Recently, Barbour et  al. [116, 120] demon-
strated that insulin resistance of pregnancy is 
likely due to increased expression of skeletal 
muscle p85 in response to increasing concentra-
tions of human placental growth hormone 
(hPGH). Furthermore, women remaining insulin- 
resistant postpartum have been found to display 
higher levels of p85  in the muscle [123]. Thus, 
results reported in the literature support the 
hypothesis that the p85 monomer completes with 
a p85–p110 dimer and that the removal of the 
excess of p85 improves insulin sensitivity by 
allowing the remaining isoforms to bring p110 to 
its site of action.

Finally, in a small study of eight healthy lean 
women without a family history of diabetes, 
Cornier et al. [117] were able to show that 3 days 
of overfeeding (50% above usual caloric intake) 
led to a significant increase in expression of 
p85α(alpha), the ratio of p85α(alpha) to p110, 
and a decline in insulin sensitivity. Within this 
experimental time frame, overfeeding did not 
cause any change in serine phosphorylation of 
either IRS-1 or S6K1 [117], suggesting that 
increased expression of p85α(alpha) may be an 
early molecular step in the pathogenesis of the 
nutritionally induced insulin resistance.

 Summary

There have been substantial strides made in our 
understanding of the genesis of insulin resis-
tance. A number of serine kinases that could 
phosphorylate serine residues of IRS-1 and, 
thereby, diminish insulin signal transduction 

have been identified. Potential triggering mecha-
nisms, such as mitochondrial dysfunction, hyper-
insulinemia, or hyperglycemia, have also been 
proposed and supported by experimental and 
observational data. On the other hand, an addi-
tional and possibly complementary mechanism 
involving increased expression of p85α(alpha) 
has also been found to play an important role in 
the pathogenesis of insulin resistance under cer-
tain circumstances, such as overfeeding, gesta-
tional diabetes, and steroid- and GH-induced 
insulin resistance. Conceivably, a combination of 
both increased expression of p85α(alpha) and 
increased serine phosphorylation of IRS-1 is 
needed to induce clinically apparent insulin resis-
tance. Further studies are needed in order to eval-
uate this hypothesis.
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 Introduction

Insulin resistance (IR) in pregnancy is a critical 
and beneficial adaptation of human physiology to 
ensure the viability and growth of the fetus. In 
normal pregnancy, maternal metabolism trans-
forms to one characterized by IR to promote 
nutrient availability to the fetus while supporting 
maternal metabolic needs. Although the shift in 
maternal metabolism to IR during pregnancy is 
physiologic, the rising global epidemic of obesity 
and overweight that approaches 60% in some 
countries has not spared women of childbearing 
age [1, 2], resulting in obesity-related IR in these 
women entering pregnancy. Pre-pregnancy IR 
compounded by pregnancy IR results in an intra-
uterine environment characterized by nutrient 
excess in the form of glucose, lipids, and amino 

acids in parallel with metabolic derangements, 
including inflammation and oxidative stress. 
When a sedentary lifestyle, poor nutrition, and 
excess gestational weight gain (GWG) are added, 
the maternal metabolome and microbiome are 
further altered. Consequently, what is a normal 
adaptive mechanism to guarantee the survival of 
the next generation can cause excessive growth 
and altered development in the offspring of the 
obese mother. This alteration has an impact on 
cellular, molecular, and epigenetic pathways in 
both the placenta and fetus. The fetal response to 
excess maternal IR and over-nutrition results in 
fetal hyperinsulinemia and may be accompanied 
by alterations in appetite regulation, mitochon-
drial function, and growth and development that 
may predispose the offspring to later cardiometa-
bolic disease. Thus, the implications of IR on the 
mother and fetus are complex and far-reaching 
and can have consequences for both maternal and 
offspring health over the life span.

Obesity is now recognized as the leading 
health concern in pregnant women [3, 4], carry-
ing significant risks to both the mother and the 
infant. According to the 2011–2012 National 
Health and Nutrition Examination survey 
(NHANES), nearly two-thirds of all US women 
of childbearing age are overweight or obese. The 
proportion of women of childbearing age who are 
overweight or obese varies by ethnic group, from 
26% of Asian women, 55% of non-Hispanic 
white women, 70% of Hispanic women, and 75% 
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of non-Hispanic black women [5]. Obesity rates 
have tripled from 9.3% in 1960 to 32% in 2010 
[6], and there has been a marked increase in Class 
3 (body mass index [BMI] ≥ 40 kg/m2) obesity 
rates [7]. Accordingly, in this chapter, the compo-
nents of IR during pregnancy will be discussed in 
the context of normal pregnancy and those 
affected by obesity. The influences of IR during 
pregnancy on both maternal and offspring health 
will be presented, and future directions for 
research will be suggested.

 Overview of Insulin Resistance 
During Pregnancy

Pregnancy is an elaborate metabolic state that 
involves remarkable alterations in the hormonal 
milieu in addition to changes in adipokines, 
inflammatory cytokines, and the gut microbiome. 
The placenta generates the widest array and 
greatest production of hormones of any endo-
crine gland. These hormones reprogram maternal 
physiology to become insulin resistant in the sec-
ond and third trimesters to ensure an adequate 
supply of nutrients is available to support fetal 
growth [8]. Placental hormones that markedly 
influence maternal metabolism include high con-
centrations of estrogen, progesterone, prolactin, 
cortisol, human chorionic gonadotropin, human 
placental growth hormone (hPGH), human pla-
cental lactogen (hPL), and leptin. Tumor necrosis 
factor-α(alpha) (TNF-α[alpha]) also appears to 
be generated by the placenta and other tissues 
locally and may contribute to IR and oxidative 
stress. In adipose tissue, decreased adiponectin 
contributes to excess maternal IR by the second 
trimester [9]. Data also suggest that the maternal 
intestinal microbiome may dramatically shift to 
an “obesigenic” colonization pattern over the first 
to third trimester in normal pregnancy, heighten-
ing the pro-inflammatory state of pregnancy that 
may contribute to increased energy harvest and a 
potential increase in inflammation, further con-
tributing to IR [10]. A less recognized comorbid-
ity in obesity, and one likely to worsen maternal 
IR, is sleep-disordered breathing. Both frequent 
awakenings and hypopneas are common in preg-

nancy and may result in elevated cortisol, cate-
cholamines, and worsened IR. The factors may 
lead to changes in both glucose and lipid metabo-
lism and increased risk for gestational diabetes 
mellitus (GDM) [11]. Their influence on mater-
nal metabolism and fetal growth deserves further 
study.

Typical carbohydrate metabolism in preg-
nancy is characterized by impaired insulin sensi-
tivity with advancing gestation, compensatory 
pancreatic β(beta)-cell response with hyperinsu-
linemia, and a slightly elevated postprandial 
plasma glucose [12] but a decrease in fasting glu-
cose due to fetal-placental glucose demands 
(Fig. 5.1). In addition, there are increases in cir-
culating free fatty acids (FFA), triglycerides 
(TG), total cholesterol, and phospholipids [12, 
13]. These changes occur as a maternal adapta-
tion to increasing fetal metabolic and growth 
needs [13], powered by increasing insulin resis-
tance and high levels of estrogen that increase 
very low-density lipoprotein–triglycerides 
(VLDL-TG) synthesis. They are also necessary 
to prepare the pregnant mother for delivery of the 
fetus and consequent lactation [12]. In particular, 
the second and third trimesters of pregnancy are 
characterized by a nearly 50% decrease in 
insulin- mediated glucose disposal and a 200–
300% compensatory increase in insulin secretion 
as a response to glucose [14].

Glucose is the main source of fuel for the 
developing fetus. It is transferred across the pla-
centa facilitated by glucose transporter 
(GLUT)-1 (non-insulin-mediated) transporters 
via a gradient, such that when maternal glucose 
concentrations rise to greater than fetal levels, 
glucose is transported across the placenta to the 
fetus. This, in combination with heightened 
maternal IR to ensure glucose availability, serves 
to meet fetal metabolic demands, which require 
80% of energy as glucose. The placental and 
fetal demands for glucose are considerable. It is 
estimated that ~6% of maternal glucose per liter 
of blood that perfuses the placenta is extracted 
and 10% of glucose per liter of blood in the fetal-
placental circulation is consumed by the fetus 
[15]. Glucose transport to the fetus occurs in 
direct proportion to maternal glucose levels and 
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is augmented by a fivefold increase in placental 
glucose transporters (GLUT-1) with advancing 
pregnancy, which facilitates transplacental glu-
cose flux even in the absence of maternal hyper-
glycemia [16] and a lower fasting glucose than 
in the non-pregnant state.

In the fasting state, pregnant women deplete 
their glycogen stores more quickly than out-
side of pregnancy due to the fetoplacental glu-
cose demands. As a result, the switch from 
carbohydrate to fat metabolism occurs within 
12  hours, resulting in increased lipolysis and 
ketone production [17–19], further increasing 
maternal IR and serving to shunt available 
nutrients to the fetus. Freinkel introduced this 

phenomenon as “accelerated starvation of 
pregnancy”[20]. In addition, the maternal basal 
metabolic rate increases by ~150–300 kcal/day 
in the third trimester, depending on the amount 
of GWG—the latter further driving IR. These 
increased nutritional needs place the mother at 
risk for ketosis, which occurs much earlier 
than usual in the absence of adequate oral or 
intravenous nutrients.

The placenta’s role in promoting maternal IR 
in the second and third trimesters of pregnancy 
appears to be due to an increase in human pla-
cental growth hormone (hPGH) [9, 21] in com-
bination with human placental lactogen (hPL), 
progesterone, and TNFα(alpha), the latter 
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Fig. 5.1 Contribution of maternal glucose and lipid 
metabolism to fetal fuel availability and consequent neo-
natal adiposity. Pre-existing maternal obesity in combina-
tion with the adaptive insulin resistance (IR) of pregnancy 
results in increased glucose, lipid (triglycerides [TG]/free 
fatty acids [FFA]), and amino acids (AA) availability to 
the fetus. Enhanced hepatic IR contributes to heightened 
very low-density lipoprotein–triglycerides (VLDL-TG) 
and glucose production in both fasting and postprandial 
conditions. Peripheral IR enhances hydrolysis of maternal 
TG into FFA and glycerol via lipolysis. Decreased mater-

nal adipose tissue lipoprotein lipase (LPL) activity and 
increased placental LPL (pLPL) activity favors partition-
ing of FFA to the placenta, augmenting fetal TG storage. 
Increased inflammatory cytokines contribute to worsening 
maternal IR.  The maternal intestinal microbiome may 
shift to an “obesigenic” colonization pattern over the first 
to third trimester in normal pregnancy, heightening the 
pro-inflammatory state of pregnancy that may contribute 
to increased energy harvest and a potential increase in 
inflammation, further contributing to IR
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 correlating with maternal IR measured by 
hyperinsulinemic- euglycemic clamp [22]. We 
demonstrated that hPGH is a metabolically 
active hormone capable of causing severe IR in 
transgenic mice that express it at levels compa-
rable to the third trimester of pregnancy [23]. 
Human placental growth hormone may mediate 
IR similar to the effect of excess pituitary 
growth hormone (pitGH) when it is adminis-
tered or expressed chronically. In fact, hPGH 
differs from pitGH by only 13 amino acids. It 
almost completely replaces pitGH in the mater-
nal circulation by 20  weeks, and it is unregu-
lated by growth hormone releasing hormone 
[21]. The major metabolic role of hPL is to 
mobilize lipids as free fatty acids (FFA) to sup-
port maternal metabolism. When maternal glu-
cose falls, hPL rises and stimulates lipolysis, 
liberating FFA from storage to be used as 
energy. Thus, hPL leads to an increase in circu-
lating FFA as a source of maternal fuel so that 
glucose and amino acids are spared for the fetus. 
Conversely, when maternal glucose levels rise, 
levels of hPL fall [8, 24]. Human placental lac-
togen also appears to play a key role in stimulat-
ing insulin production in human islets [25] by 
promoting the synthesis of serotonin in pancre-
atic β(beta)-cells, which in turn drives β(beta)-
cell proliferation and glucose-stimulated insulin 
secretion [26]. The mechanisms for this β(beta)-
cell expansion, which appears to be unique in 
human pregnancy, remain uncertain but adipo-
nectin may play a role; lower levels may in part 
predict the development of gestational diabetes 
[27–30].

The IR of pregnancy alters multiple maternal 
fuels in synchronized coordination (Fig. 5.1). In 
addition to glucose, TG, cholesterol, and FFA are 
increased. Free fatty acids may serve to further 
promote the IR of pregnancy [18, 31, 32] and 
provide an important fuel supply for fetal fat 
accretion in the third trimester. During the first 
trimester of pregnancy, insulin sensitivity is mod-
estly increased for unclear physiologic reasons, 
but this drives lipogenesis, resulting in increased 
maternal subcutaneous fat mass that is mainly 
centrally distributed and in the flanks. However, 
later in pregnancy, coincident with IR, the ability 

of insulin to suppress whole body lipolysis is 
reduced, resulting in an increase in circulating 
FFA that can also be used as fuel by the mother 
and fetoplacental unit [18]. The placenta utilizes 
its own lipases, including lipoprotein lipase (pla-
cental LPL), a major TG hydrolase enzyme, 
enabling maternal TG to be hydrolyzed to FFA 
for fetal and placental use. FFA can then be trans-
ported across the placenta to increase fetal fat 
deposition. Our group has recently published that 
placental LPL activity is correlated with an 
increased percentage of newborn body fat at birth 
(% newborn fat) [33, 34], suggesting that placen-
tal LPL plays an important role in providing fuels 
for fetal fat accretion. As detailed in a later sec-
tion, there are many studies supporting the influ-
ence of elevated maternal TG and FFA as 
important substrates that contribute to excess 
fetal fat accretion [31, 35, 36].

 Specific Changes in Glucose, Lipids, 
and Amino Acids in Pregnancy 
as a Consequence of Maternal 
Insulin Resistance

 Changes in Glucose Metabolism

By the late second and early third trimesters, 
maternal metabolism has shifted to favor catabo-
lism of maternal energy stores as IR increases 
markedly with each gestational week; the meta-
bolic milieu allows for increased nutrient shunt-
ing away from the mother to support fetal growth. 
The fetus responds to the increased nutrient flux 
with fetal hyperinsulinemia since maternal insu-
lin does not cross the placenta; the fetal hyperin-
sulinemia is a practical clinical biomarker for the 
detection of excess nutrient flux corresponding to 
excess fetal growth and metabolic derangements 
(Fig. 5.1). Specific changes in patterns of glyce-
mia associated with pregnancy have been identi-
fied to inform the contemporary understanding of 
glucose metabolism in pregnancy.

Our group set out to characterize patterns of 
glycemia in normal pregnancy unaffected by 
obesity via archiving data from studies that had 
occurred over ~50 years [37]. In the seminal con-
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trolled studies, Freinkel and others [20] identified 
that fasting glucose levels are lower in normal 
pregnancy due to fetal placental demands—pre-
viously discussed and coined by Freinkel et al. as 
accelerated starvation. However, they further 
identified that postprandial glucose is higher due 
to heightened IR and a possible effect on the first- 
phase insulin secretion, coined facilitated anabo-
lism. In essence, one can imagine that maternal 
postprandial glucose responses “feed” the fetus, 
making use of the accentuated postprandial glu-
cose response, which raises maternal glucose 
(making a larger gradient) and facilitates trans-
port of glucose across the placenta (via GLUT-1 
transporters, as previously discussed).

After a reduction in fasting glucose during the 
first and early second trimesters, fasting glucose 
slightly rises due to increasing IR, but it tends to 
remain lower than in the non-pregnant state. Our 
analysis of the data [37] from all plasma blood 
and fingerstick glucoses, or from continuous glu-
cose monitoring (CGM) data, demonstrated that, 
when the data were pooled and graphed together 
for the first time, the patterns of glycemia were 
markedly lower than were previously appreci-
ated. Normal pregnant women (BMI 22–28) dur-
ing the third trimester (~34 weeks) demonstrate a 
fasting glucose of 71 ± 8 mg/dL (mean ± SD), a 
1-hour postprandial value of 109  ±  13 and a 
2-hour postprandial value of 99 ± 10 mg/dL, and 
a 24-hour mean glucose of 88 ± 10 mg/dL [37]. 
Gestational age and maternal BMI affect “nor-
mal” glucose levels. A longitudinal CGM study 
of 32 healthy, normal-weight women between 
16 weeks gestation to 6 weeks postpartum dem-
onstrated a rise in mean glucose from 16 weeks 
(82.3 mg/dL) to 36 weeks (94.0 mg/dL), which 
was maintained at 6 weeks postpartum (93.7 mg/
dL) [38]. Moreover, with advancing gestation 
and increasing IR, the 2-hour postprandial glu-
cose increased from 95.7 mg/dL at 16 weeks to a 
peak of 110.6 mg/dL at 36 weeks.

Two small studies characterizing glycemic 
profiles by CGM in obese pregnant women with-
out GDM [31, 39] displayed [39] wide variance 
(up to ±8 weeks) in the gestational week of mea-
surement, rendering the data difficult to interpret. 
We demonstrated using a controlled, provided 

diet that obese non-GDM women have 24-hour 
glycemic patterns that are shifted higher through-
out the day and night compared to normal-weight 
women both early and late in pregnancy [31]. In 
fact, the 24-hour glucose area under the curve 
(AUC; a metric for total potential glucose avail-
ability to the fetoplacental unit) was ~8% higher 
in the obese women both early and late in preg-
nancy. Across meals during late pregnancy, post-
prandial glucose was ~13% higher in the obese 
vs. normal-weight mothers (1-hour, 115 vs. 
102  mg/dL; 2-hour, 107 vs. 96  mg/dL, respec-
tively). Thus, although the obese mothers did not 
meet diagnostic criteria for GDM, there was 
clearly a higher glucose gradient over 24 hours 
compared to the normal-weight controls. This 
sub-clinical pattern of mild hyperglycemia, 
which remains occult and untreated, may explain, 
in part, why the prevalence of large-for- 
gestational- age (LGA) offspring and macrosomia 
is highest in maternal obesity [2].

 Changes in Lipid Metabolism

The changes in maternal glucose that occur over 
gestation are paralleled by an increase in mater-
nal lipids and lipoproteins, which in normal preg-
nancy moderates fetal steroidogenesis and growth 
[13, 23, 40]. These changes are prompted by 
maternal estrogen, which increase VLDL-TG in 
addition to hPL, and are orchestrated by maternal 
IR.  Importantly, the increase in lipids and lipo-
proteins, FFA (secondary to the IR-induced 
decrease in insulin suppression of lipolysis), and 
maternal ketones in fasting conditions (acceler-
ated starvation) all serve to support maternal 
metabolism while sparing glucose for fetal utili-
zation [41]. In recent years, mounting evidence 
further supports the role of maternal lipids as 
potent substrates for fetal growth.

In normal pregnancy, there is a two- to three-
fold increase in TG accompanied by a 25–50% 
increase in total and LDL cholesterol [18, 42] 
and increased VLDL and HDL cholesterol. In 
pregnancies affected by obesity, the change in 
maternal lipids is shifted higher with lower HDL 
compared to normal controls [41]. While the 
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association between maternal glucose and fetal 
growth has long been appreciated [20], a number 
of investigators have shown that in many cases, 
maternal TG and FFA have been strongly or more 
strongly correlated with excess fetal growth and 
LGA [31, 36, 43], supporting their role in excess 
fetal fat accretion. In fact, we demonstrated in 
obese and normal-weight women who were given 
fixed diets, both early and late in pregnancy, that 
maternal TG and FFA were much higher in the 
obese women. Moreover, TG and FFA correlated 
more strongly with infant adiposity than the dif-
ferences in glycemic patterns between the groups 
[31]. Our group has specifically demonstrated 
that the change in maternal TG from early to late 
pregnancy are correlated with fetal growth and 
adiposity [44] and much more than glucose mea-
sures. Most recently, our group demonstrated that 
in obese women, fasting and postprandial TG in 
early pregnancy (14–16 weeks) was the strongest 
predictor of newborn % fat (r  =  0.71 for early 
1-hour postprandial TG) in contrast with normal- 
weight women, in which the increase in fasting 
and postprandial TG from early to later preg-
nancy was the strongest predictor [34].

 Changes in Amino Acid Metabolism

Early investigations in which amino acids (AA) 
were measured in the serum of normal pregnant 
women and those with GDM [45, 46] demon-
strated that GDM women had higher AA con-
centrations (including branched-chain amino 
acids associated with ketone formation and ala-
nine associated with increased hepatic glucose 
output) during fasting conditions compared to 
normal pregnant women. More recently, changes 
in AA from the second and third trimesters were 
reported, but there were no differences in 
branched-chain AA between normal-weight and 
obese women [42, 47]. Outside of pregnancy, 
the synergy of increased lipids and branched-
chain AA, particularly in combination with a 
higher-fat diet, has been implicated in IR states 
and the evolution of type 2 diabetes [48]. The 
contribution of maternal AA to fetal growth and 

fat accretion is recognized, but there is a need 
for more controlled studies in normal pregnancy 
and those affected by obesity that control for 
maternal diet.

 Cellular Mechanisms of Insulin 
Resistance in Normal and Obese 
Pregnancies: Skeletal Muscle 
and Adipose Tissue

In the third trimester of normal pregnancy, there 
is decreased expression of the GLUT-4 glucose 
transporter protein in maternal adipose tissue 
and decreased translocation of GLUT-4 to the 
plasma membrane in skeletal muscle, both of 
which contribute to the IR of pregnancy. 
Mechanistically, insulin-stimulated glucose 
transport in human skeletal muscle fibers from 
obese women is suppressed in late pregnancy 
and more so in skeletal muscle of women who 
develop gestational diabetes mellitus (GDM). In 
transgenic mice, and later in human pregnancy, 
our group showed that hPGH is a major driver of 
the normal IR of pregnancy by increasing the 
p85 regulatory subunit of PI3-kinase, which acts 
in a dominant negative manner, resulting in sup-
pression of the IRS-1- associated PI3-kinase 
insulin signaling cascade in skeletal muscle. 
Other skeletal muscle signaling changes charac-
terizing IR include reduced tyrosine phosphory-
lation of the insulin receptor and decreased 
expression of IRS-1, all resulting in reduced 
GLUT-4 translocation to the plasma membrane 
and reduced glucose uptake [9].

The molecular changes in obese adipose tis-
sue during pregnancy include a reduction in the 
transcription factor peroxisome proliferator- 
activated receptor (PPAR)-γ(gamma)1 [49]. 
PPAR-γ(gamma)1 binds to several adipose- 
specific genes and is a central regulator of the 
adipogenic transcriptional cascade. PPAR- 
γ(gamma)1 is normally highly expressed in adi-
pose tissue and plays an essential role in fat cell 
differentiation, insulin sensitivity, and lipid stor-
age. PPAR-γ(gamma) is also strongly implicated 
in the regulation of systemic insulin sensitivity 
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[50]. Unlike in skeletal muscle, we did not find a 
similar reduction in IRS-1 or GLUT-4 and 
increased p85-PI3-kinase in omental adipose tis-
sues of obese pregnant mothers, but the function 
of these proteins in response to insulin was not 
tested [49]. Lappas et al. [51] demonstrated that 
maternal obesity and GDM is accompanied by 
defects in the uptake, synthesis, and breakdown 
of lipids. In subcutaneous and omental adipose 
tissues obtained at delivery, maternal obesity and 
GDM are associated with decreased expression 
of genes involved in FA uptake and intracellular 
transport, TG biosynthesis, triacylglyceride 
(TAG) biosynthesis (MGAT1,7 MGAT2, and 
DGAT1), lipogenesis (FASN), and lipolysis 
(PNPLA2, HSL, and MGLL), compared to 
normal- weight pregnant women, suggesting the 
obese mother may have reduced expandability of 
lipid stores compared to normal-weight mothers 
at term. The reduced lipolysis genes may be a 
compensatory mechanism that maintains fat 
mass in obese mothers. Importantly, decreased 
gene expression was also observed for the tran-
scription factors involved in lipid synthesis and 
insulin sensitivity (LXRα[alpha], PPARα[alpha], 
PPARδ[delta], PPARγ[gamma], RXRα[alpha], 
and SREBP1c), while gene expression of the 
adipokines, TNF-α(alpha), IL-1β(beta), and/or 
leptin was increased in adipose tissue from obese 
and GDM women [51]. Whether these changes 
are associated with differential weight gain or 
maternal infant adiposity remains to be 
determined.

Adiponectin levels normally fall with advanc-
ing gestation, consistent with IR, and are lower in 
obese women and those with GDM [52, 53]. 
However, the role of adiponectin as a driver of 
maternal fuel metabolism is undergoing a re- 
examination. Potential roles of adiponectin in 
pregnancy include an insulin-sensitizing effect, 
pancreatic β(beta)-cell adaptive response, influ-
ence on hepatic gluconeogenesis, lipid metabo-
lism, and placental signaling; these properties are 
being actively investigated [54, 55]. Adiponectin 
deficiency in pregnant mice resulted in decreased 
β(beta)-cell mass, glucose intolerance, increased 
hepatic glucose and TG production rates, 

increased adipose tissue lipolysis, and increased 
birth weight in the absence of changes in insulin 
sensitivity [56]. Adiponectin appears to be impor-
tant, along with prolactin and HPL, for the expan-
sion of β(beta)-cell mass in pregnancy [30]; in 
fact, lower levels in the first trimester have been 
associated with the development of GDM [27–
29]. Adiponectin decreases throughout the course 
of normal pregnancy, although there is some sug-
gestion that a transient increase in early preg-
nancy in normal-weight women might account 
for the early and short-lived increase in insulin 
sensitivity that is sometimes observed prior to 
16 weeks [52]. Adiponectin does not appear to be 
made by the placenta and, thus, cord blood 
changes in fetal adiponectin do not correlate with 
that of the mother [57]. Women who are obese or 
who develop GDM have lower circulating levels 
of adiponectin, which is associated with increased 
fetal growth compared to normal-weight women 
[28, 53, 54, 57]. Declining adiponectin in GDM 
women is also associated with β(beta)-cell 
decompensation and development of type 2 DM 
postpartum [29, 58].

The most biologically active fraction of adi-
ponectin appears to be the high molecular 
weight (HMW) oligomers. These isoforms are 
negatively correlated with TG, postulated to be 
due to an increased catabolism of VLDL- and 
CM-TG in part by stimulating LPL activity in 
skeletal muscle and fat, and are negatively cor-
related with IR across populations [59]. In 
humans, decreases in the HMW fractions are 
most highly associated with the increased IR of 
pregnancy [52, 60]. A recent trial in 300 women 
(STORK study) showed that adiponectin 
appeared to be an important predictor of birth 
weight (independent of maternal BMI, GWG, 
and the homeostatic model of IR index 
[HOMA-IR]); the largest decrease in adiponec-
tin from early to late pregnancy occurred in 
mothers who gave birth to large-for-gestational- 
age (LGA) offspring [61]. In a multiple regres-
sion model, the ratio of HMW to total 
adiponectin was the strongest inverse predictor 
of birth weight compared to indices of IR or 
GWG [60].
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 The Microbiome in Normal 
and Obese Pregnancies: Influence 
on Mother and Offspring

Maternal obesity, excessive GWG, and changes 
in dietary intake during gestation can influence 
the composition of the maternal microbiome and 
may have a causative role in advancing the IR of 
pregnancy. Collado et al. [62] found that women 
who were obese prior to pregnancy had signifi-
cantly different gut microbiota compositions 
compared to normal-weight women during both 
the first and third trimester of pregnancy. 
Furthermore, women with excessive GWG, 
regardless of pre-pregnancy BMI, had significant 
differences in their microbiota composition com-
pared to women who had normal-weight gain. 
Obesity and its associated metabolic disorders 
are characterized by a systemic low-grade inflam-
mation. The source of this inflammation is 
incompletely understood, but increased circulat-
ing levels of the bacterial derived endotoxin lipo-
polysaccharide (LPS) are believed to play a role. 
Alterations in microbial composition have been 
associated with increased gut permeability, 
resulting in translocation of LPS, which is a natu-
ral ligand for toll-like receptors (TLRs). Binding 
of LPS to TLR triggers the release of cytokines 
and an associated inflammatory response. 
Increased systemic levels of LPS have been 
observed in mothers with obesity [63] and corre-
late with increased systemic and adipose tissue 
inflammation. A seminal study underscoring the 
effect of normal maternal IR of pregnancy on the 
microbiome and the possible implications 
described the effect on a germ-free mouse. When 
a first trimester (insulin-sensitive) versus third 
trimester (insulin-resistant) maternal microbiome 
was transplanted into the germ-free mouse [10], 
the mouse receiving the third trimester microbi-
ome became fatter. Moreover, those mice demon-
strated inflammation and insulin resistance 
compared to germ-free mice who received the 
first trimester microbiome. While the exact 
changes that occur in microbiome of obese preg-
nant women are unclear, the important thing to 
note is that the microbiome of obese women may 
contribute to maternal IR and that differences 
could be passed onto the offspring at birth.

The exposure of the fetal intestine to maternal 
microbes, possibly even through amniotic fluid, 
is an important contributor to gut maturation and, 
by extension, to infant health [64]. However, 
functional studies of the microbiota inhabiting 
the placenta or amniotic fluid are lacking. Many 
studies have only shown the presence of bacterial 
DNA and have yet to characterize the virulence, 
metabolic characteristics, or other aspects of 
these bacteria and how these traits could relate to 
the establishment of the early microbiome. The 
exposure to antibiotics, cesarean section versus 
vaginal delivery, and breast milk versus formula 
feeding have been shown to play a critical role in 
shaping the early infant gut microbiota. While 
many factors have been shown to alter the micro-
biome throughout life, how the microbiome 
begins may have lifelong implications for disease 
risk [65–67]. Animal and human data strongly 
suggest that the composition of the neonatal gut 
microbiota is dependent both on maternal obesity 
and maternal diet during pregnancy and lactation 
[65] and on mode of delivery [68].

Studies in primates have shown distinct effects 
of maternal high-fat diet on offspring microbiota, 
such as decreased Campylobacter, Helicobacter, 
and Bacteroides as well as a decrease in overall 
bacterial diversity when compared to primates 
fed a control diet [65, 67, 69]. While the exact 
implications of these changes in microbiota are 
not fully known, it has been shown that decreased 
bacterial diversity is associated with adiposity, 
insulin resistance, dyslipidemia, and low-grade 
inflammation in humans [70]. Interestingly, a 
well-crafted study in primates has shown that 
after weaning, dysbiosis in juvenile animals is 
only partially corrected by a controlled low-fat 
diet [65, 67], demonstrating the lasting effects of 
a maternal high-fat diet on the microbiome of the 
offspring. Perhaps surprisingly, studies have also 
shown that maternal high-fat diet-induced off-
spring dysbiosis is independent of maternal obe-
sity [65, 67, 69]. This is particularly interesting, 
as it suggests a more complex mechanism of 
maternal high-fat diet influence on the early 
microbiome than previously thought. Our human 
studies showed that the microbiome from infants 
at 2 weeks of age born to obese mothers exhibited 
less gammaproteobacteria, an early colonizing 
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bacteria essential for the development of immune 
tolerance, as well as a trend for higher bacilli 
class in the Firmicutes phylum, a high consumer 
of choline that has been associated with the 
development of nonalcoholic fatty liver disease 
(NAFLD) [71]. We have also shown that the 
breast milk of obese women demonstrated higher 
levels of insulin and leptin. Milk insulin and 
leptin may be able to pass through more perme-
able intestinal gap junctions in the newborn, 
potentially affecting appetite regulation, microbi-
ome development, immune tolerance, and infant 
body composition and growth [72].

Dysbiosis of the gut microbiome has been cor-
related with NAFLD in children and adults; how 
the early life microbial composition influences 
hepatic fat accumulation and inflammation before 
the disease occurs is unclear. Early microbes 
from infants born to obese or GDM mothers may 
contribute to long-term health risks by triggering 
pro-inflammatory remodeling of the innate and 
adaptive immune system as well as other organs 
and tissues in the neonate. However, the critical 
microbes involved and whether maternal diet can 
alter the microbiome and the early immune sys-
tem are unknown. In addition, it has been shown 
that the microbiome varies with genetic back-
ground and that differences in genetics are often 
associated with different groups of microorgan-
isms rather than single species changes [73]. 
Viable therapeutic treatments (such as maternal 
diet) and the extent to which alterations in a 
mother’s microbial population are related to clin-
ical outcomes remain unstudied, but critically 
important.

 Insulin Resistance, Obesity, 
and the Role of Excess Gestational 
Weight Gain on Maternal Outcomes

As noted, obese mothers enter pregnancy with 
increased IR compared to normal-weight moth-
ers [14]. Figure  5.2 demonstrates the complex 
interplay of factors discussed in the following 
sections that are rooted in maternal IR within 
the vicious intergenerational cycle of metabolic 
dysfunction. The IR of pregnancy further exac-
erbates mothers’ pre-existing metabolic pertur-

bations, and their IR remains higher postpartum 
[14]. Catalano et  al. demonstrated a ~40% 
decrease in insulin sensitivity in normal-weight 
and obese women over pregnancy and higher IR 
in obese women throughout pregnancy and 
postpartum compared to normal-weight con-
trols [42].

Maternal obesity increases the risk of many 
maternal disorders characterized by increased IR, 
including hypertensive disorders, NAFLD, sleep 
disordered breathing, sleep apnea with pulmo-
nary hypertension, thromboembolism, and car-
diomyopathy [3, 74]. Obesity, commonly with 
co-existing IR, increases the risk of labor induc-
tion, failed induction of labor, cesarean delivery, 
anesthesia complications, postoperative wound 
infections, and lactation failure. Women with 
Class III obesity (BMI > 40 kg/m2) have improved 
pregnancy outcomes if they undergo bariatric 
surgery before becoming pregnant; surgery has 
been shown to decrease IR, resulting in less dia-
betes, hypertension, and macrosomia (birth 
weight [BW] ≥ 4000 g) [75, 76].

Studies have demonstrated a marked increased 
risk of GDM in overweight and obese women 
[77–79], and early excess GWG is also associ-
ated with heightened risk for GDM. In fact, it was 
demonstrated, although retrospectively, that early 
rapid weight gain before 24 weeks gestation was 
associated with increased risk for GDM in over-
weight and obese women [80]. Several studies 
have demonstrated the independent effect of 
excess GWG on the increased likelihood of 
cesarean delivery [81–83]. Other studies have 
shown an association between excess GWG and 
preeclampsia [84, 85], at least in part due to the 
effect of GWG on worsening IR.

 Influence of Insulin Resistance, 
Obesity, Excess Gestational Weight 
Gain, and Diet on Offspring 
Outcomes

 Short-Term Offspring Outcomes

Maternal obesity independently increases the 
risk of first trimester and recurrent pregnancy 
losses. Moreover, the incidences of congenital 
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malformations—including central nervous sys-
tem (CNS), cardiac, and gastrointestinal (GI) 
defects and cleft palate—are associated with 
maternal obesity. One study estimated that for 
every unit increase in BMI, the relative risk of a 
neural tube defect increased 7% [86–88]. Obesity 
is also strongly associated with increased rate of 
large- for- gestational-age infants (infant BW ≥ 90th 
percentile for gestational age) and macrosomia and 
may pose a nearly equivalent risk as GDM for 
excess fetal growth, resulting in higher rates of 
shoulder dystocia and meconium aspiration. In the 
Hyperglycemia and Adverse Pregnancy Outcomes 
(HAPO) trial of >25 000 women worldwide [89], 

78% of the LGA infants were born to mothers 
without GDM.  In fact, obesity (OR  =  ~1.7) was 
nearly equivalent to GDM (OR ~ 2.2) as a risk fac-
tor for LGA [90, 91]. Overweight and obese 
women are at twofold increased risk of delivering a 
macrosomic infant. Because the prevalence of 
overweight and obese women is ~10 times that of 
GDM, maternal body habitus is likely to have the 
strongest attributable risk on the prevalence of 
macrosomia [92]. Obesity also quadruples the rela-
tive risk of perinatal mortality in part due to the 
greater maternal IR and fetal overgrowth [2] and in 
part due to the risk of a fetus outgrowing its blood 
supply and becoming ischemic.
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Fig. 5.2 Maternal insulin resistance (IR) begets child-
hood metabolic dysregulation. Genetic and epigenetic 
factors work in synergy with obesity-promoting environ-
mental factors to create multiple exposures over years 
before pregnancy, resulting in pre-existing maternal IR 
that is compounded by the metabolic adaptations of preg-
nancy. Altered maternal fuels secondary to exacerbated IR 
in pregnancy are thought to program the fetus for height-

ened risk of childhood obesity. In combination with post-
natal exposures such as excessive feeding, a sedentary 
lifestyle, and poor diet quality, the risk for childhood obe-
sity and nonalcoholic fatty liver disease (NAFLD) are 
increased. Particularly in young women, these exposures 
create the context upon which their pregnancy is con-
ceived, and the vicious cycle is propagated
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Distinguishing the independent contribution 
of IR on adverse maternal and infant outcomes is 
difficult, largely because precise measurement of 
insulin action in pregnancy is challenging. The 
“gold standard” for measuring whole body insu-
lin sensitivity is the hyperinsulinemic- euglycemic 
clamp technique [93]. However, use of this 
method is labor-intensive, impractical, and 
expensive and carries a slight risk to the mother 
of hypoglycemia. The frequently sampled intra-
venous glucose tolerance test (FSIGTT) [94–96], 
although less precise, is an alternative method for 
measuring insulin sensitivity and is methodologi-
cally simpler. However, intravenous injection of 
glucose bypasses absorption in the stomach, 
eliminating the effect of incretin hormones, 
which limits generalizability of the data. Most 
frequently, estimates of insulin action in preg-
nancy have relied on the use of fasting glucose 
and insulin, which represent only basal and non- 
stimulated conditions, usually with calculation of 
the homeostatic model of IR index (HOMA-IR). 
Although HOMA-IR is widely used even in small 
study samples, it was designed and validated for 
use in large epidemiologic studies [97, 98] and is 
difficult to interpret with any degree of maternal 
glucose intolerance. In a large observational 
study of 804 maternal-infant pairs, in mothers 
from ages 16–40 years with a wide range of BMI, 
IR early in pregnancy by HOMA-IR was corre-
lated with newborn % fat by air-displacement 
plethysmography independent of maternal BMI, 
but the gestational age at which the samples were 
taken early (11–20  weeks) and later (20–
34  weeks) spanned across a wide range [99]. 
Although imperfect, we have adopted use of a 
75 g oral glucose tolerance test (OGTT) and cal-
culation of the Matsuda Index. This technique 
includes measures of glucose and insulin during 
basal and glucose-stimulated conditions and is 
practical for use, and the calculated Matsuda 
Index has been shown to agree well with clamp- 
estimated measures of insulin action [100–103]. 
The disposition index, a mathematically deter-
mined measure of insulin secretion corrected for 
the degree of insulin sensitivity, is a better esti-
mation of insulin secretory capacity relative to 
demand and has been shown to be very useful in 

predicting which women will develop GDM and 
which GDM women will progress to type 2 dia-
betes over time [104].

Emerging data suggest that excess maternal 
IR could be an important predictor of neonatal 
adiposity independent of maternal obesity [105, 
106], as it is in rodents [107]. In a study of 301 
infants of women with GDM, mild glucose intol-
erance, or normal glucose tolerance, maternal IR 
by the Matsuda Index predicted offspring weight 
gain and adiposity from 0 to12 months but pre- 
pregnancy BMI did not [105]. Greater maternal 
resistance to insulin has the capacity to make all 
nutrients more available to the fetus, including 
glucose, TG, FFA, and AA, all of which can con-
tribute to excess fetal growth [108].

Excess GWG also amplifies IR, increases the 
risk for LGA and increased infant adiposity, and is 
a significant risk factor for childhood obesity and 
metabolic syndrome [109]. In a study of 4496 chil-
dren ages 14–22 years in the National Longitudinal 
Survey of Youth [110], GWG was correlated with 
postpartum weight retention, LGA, and child obe-
sity. In one study of 306 infants [111], in which 
adiposity was measured by air displacement pleth-
ysmography, the offspring of overweight mothers 
with excess GWG had the greatest difference in 
infant fat mass compared to the offspring of moth-
ers who gained appropriate weight. It has been 
demonstrated that even infants born to mothers 
with GDM who are average weight for gestational 
age have increased adiposity at the expense of lean 
mass [112]. However, obese mothers gave birth to 
infants with the highest mean fat mass regardless 
of weight gain, which underscores the importance 
of pre-pregnancy BMI as a risk factor for increased 
neonatal adiposity. In a large retrospective cohort 
in which birth certificate data were extracted 
between 2004 and 2008 to assess the influence of 
maternal BMI versus GWG versus GDM on deliv-
ering an LGA infant [113], excessive GWG con-
tributed most to LGA; however, maternal 
pre-pregnancy BMI was self-reported and likely 
underestimated. In the Healthy Start cohort of 
>800 mother-infant pairs, maternal pre- pregnancy 
BMI and GWG, including period- specific GWG, 
were positively and independently associated with 
neonatal adiposity [114].
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Maternal diet is also very likely to influence 
LGA and infant adiposity, but has been inade-
quately studied in pregnancy. Although there 
are compelling data to support the influence of 
maternal diet on offspring in animal studies 
and nonhuman primates, most of the data from 
randomized trials in humans are in women 
with GDM.  Moreover, across the trials, the 
outcomes are confounded by use of medication 
for glycemic control and poor diet adherence 
[115, 116]. Outside of pregnancy, diets higher 
in fat have been shown to promote IR [117]. 
Studies in mothers during late pregnancy dem-
onstrated that elevating FFA with lipid infu-
sion (mimicking high-fat postprandial 
conditions) contributes to worsening periph-
eral and hepatic IR [32]. Epidemiologic data 
have shown that healthier pre-pregnancy diet 
quality—characterized by eating patterns that 
include more leafy green vegetables, fiber, 
fruit, poultry, and fish—is associated with an 
up to 26% reduction in GDM risk, which indi-
rectly supports the link between maternal diet 
and IR [118, 119]. There are also suggestions 
that eating patterns including foods with lower 
glycemic index are effective in mitigating 
GWG [120]. Overall, evidence supports that all 
pregnant women can benefit from minimizing 
fats, avoiding simple carbohydrates and exces-
sive protein, and liberalizing fiber and complex 
carbohydrates. Higher-quality carbohydrates 
tend to be more nutrient dense (with more vita-
mins/minerals), have higher fiber, and are 
lower in calories and glycemic index/glycemic 
load [121]. Our published randomized con-
trolled trial (RCT) in GDM mothers demon-
strated that a higher complex carbohydrate/
lower-fat diet controlled 24-hour and postpran-
dial glycemia to similar levels compared to a 
carbohydrate- restricted/higher-fat diet, sup-
porting the liberalization of higher-quality 
complex carbohydrates. Moreover, when 
women remained on the diets for 6–7  weeks 
through delivery, the higher complex carbohy-
drate/lower-fat diet was associated with attenu-
ation of worsening IR, lower fasting glucose 
and FFA, and less newborn % fat [122, 123].

 Long-Term Offspring Outcomes

In humans, it is difficult to separate out the inde-
pendent contribution of maternal obesity from 
other potent intrauterine influences on long-term 
metabolic outcomes in the offspring. It is clear 
that obesity prevalence in children has paralleled 
the growth in maternal obesity. Approximately a 
quarter of 2- to 5-year-olds and one-third of 
school-age children (including adolescents) are 
now overweight or obese in the USA [5]. 
Furthermore, half of childhood obesity occurs 
among children who are obese by age 5 [124], 
signaling very early risk factors in the genesis of 
childhood obesity. In fact, the number of over-
weight/obese infants tripled from 1990 to 2012 
[125]. In addition to pre-pregnancy BMI, other 
metabolic influences that affect long-term out-
comes in the offspring include GWG, maternal 
diet, glucose, and lipids, all of which could lead 
to nutrient excess and fetal hyperinsulinemia 
[126]. Several epidemiologic studies have found 
that higher GWG is associated with higher weight 
for height and fat mass in childhood and adoles-
cence, as well as dysfunctional metabolic and 
vascular traits [127, 128]. It is likely that mater-
nal obesity acts in synergy with these potent fac-
tors. Moreover, the degree to which maternal and 
paternal genetics, pre-pregnancy factors, and 
early infant postnatal exposures such as breast 
feeding and early nutrition contribute to long- 
term metabolic outcomes is also a challenge to 
separately discern in human studies. When cul-
tured in  vitro, the blastocysts from obese mice 
have reduced levels of mitochondrial DNA [129]. 
In animal models, the negative effects of mater-
nal obesity can be improved by treatment with 
insulin sensitizers administered at the time of 
conception, suggesting a causal role for IR and 
that the pre-conception or peri-conceptional 
period may represent a window for interventions 
that improve insulin sensitivity.

Separating out the influence of pre-pregnancy 
obesity and IR from exposure to maternal hyper-
glycemia or hypertriglyceridemia independent 
of IR on long-term offspring outcomes is chal-
lenging. In nonhuman primates, a high-fat diet 
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fed to normal-weight mothers was associated 
with fetal steatosis and oxidative stress in the 
third trimester [130]. However, in a longitudinal 
analysis of the juvenile offspring, only those 
infants exposed to a high-fat diet showed persis-
tent hepatic steatosis and evidence of inflamma-
tory changes as juveniles, both hallmarks of 
pediatric NAFLD [131]. Importantly, these 
changes were evident in juveniles even after 
switching to a healthy diet at the time of wean-
ing, suggesting a programming effect of expo-
sure to a high-fat diet during pregnancy and 
lactation. In a longitudinal study of 421 mother-
daughter pairs, girls exposed to GDM had a 
higher risk of increased adiposity, but the risk 
was highest in the offspring of mothers with pre-
pregnancy obesity [132]. This intergenerational 
transmission of obesity and IR may be partially 
mediated in utero by epigenetic modifications 
and directly mediated by the influence of fetal 
hyperinsulinemia or other factors, such as 
inflammation, oxidative stress, or excess lipid 
exposure. Importantly, all systems are affected, 
including the brain (through regulation of appe-
tite, behavior, and reward); organ development 
(liver, kidney, pancreas, and heart); myocyte, 
adipocyte, and osteocyte development; and even 
the immune systems. Although there is variabil-
ity in the macronutrient content of diets and 
duration of feeding regimens, studies in animals 
and nonhuman primates have shown that expo-
sure to maternal overnutrition/obesity consis-
tently results in an offspring metabolic phenotype 
characterized by higher fat mass and skeletal 
muscle and adipose tissue IR [126], in addition 
to decreased mitochondrial function in muscle 
[133]. Pancreatic development in the subsequent 
generation may also further be influenced by 
maternal overnutrition/obesity [134]. The degree 
to which postnatal obesity itself contributes to 
these disorders, or whether these metabolic phe-
notypes are set in play at birth prior to the onset 
of obesity, is not known.

Animal models, including rodents and non-
human primates, have shown that multiple met-
abolic systems are vulnerable to changes in the 
intrauterine environment, including excess 

nutrient availability in combination with mater-
nal IR in all three phases of development. These 
include (1) early gestation during implantation, 
placentation, and subsequent embryogenesis, 
when placental nutrient transport patterns and 
mitochondrial function in the blastocyst [135] 
and oocyte [136] may be set; (2) mid-gestation, 
when number, growth, and function of critical 
organs such as pancreas, brain, kidney, and skel-
etal muscle develop; and (3) late third trimester, 
when fetal growth and fat accretion accelerates, 
and regulatory set points in the brain, pancreas, 
and neuronal-metabolic feedback loops may be 
affected.

There is limited knowledge in humans about 
the impact of environmental exposures on bio-
chemical and molecular processes that govern 
metabolic risk, particularly in utero on infants 
born to mothers who are obese. However, there is 
an emerging and compelling association with 
maternal obesity and the risk of childhood obe-
sity and metabolic disease, implicating the meta-
bolic milieu of the intrauterine environment as a 
driving factor for the genesis of adult diabetes 
and cardiovascular disease [131, 137, 138]. 
Epidemiologic data in Pima Indian offspring 
exposed to an intrauterine environment of GDM 
demonstrate a sevenfold increase in type 2 diabe-
tes in the offspring as young adults compared to 
offspring (often siblings) in whom the mothers 
did not develop glucose intolerance until after 
delivery [139, 140], underscoring the direct influ-
ence of the intrauterine environment.

In addition to subcutaneous fat, liver fat may 
also be increased in the offspring from obese 
GDM women. Our human studies using mag-
netic resonance imaging (MRI)/magnetic reso-
nance spectroscopy (MRS) technology have 
shown that maternal BMI in women with GDM 
predicts newborn intrahepatocellular lipid stor-
age [141]. Offspring born to obese mothers have 
increased liver fat at birth [142], and these off-
spring are at risk later in life, regardless of gen-
der, for progressing to obesity [143], NAFLD 
[144], and cardiovascular disease [145]. 
Nonalcoholic fatty liver disease affects ~34% of 
children with obesity ages 3–18 years in North 
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America, and half have already progressed to the 
more severe nonalcoholic steatohepatitis (NASH) 
at time of diagnosis [146, 147]. In animal mod-
els, maternal obesity or high-fat diet exposure 
increases hepatic oxidative stress and apoptosis 
in the early third trimester, perhaps priming the 
liver for later development of NASH [148, 149]. 
In our nonhuman primate model of maternal obe-
sity, there is innate immune dysfunction and 
necro-inflammatory changes in fetuses of high- 
fat diet-fed mother macaques [130, 150]. 
Importantly, these alterations persist even after 
weaning these offspring to a normal chow diet 
[131]. The critical importance of the in utero 
environment to development of pediatric NAFLD 
was recently illustrated in a cross-sectional study 
of 543 children with biopsy-proven NAFLD that 
showed that those born with high or low birth 
weight had a twofold increased incidence of 
NASH and advanced fibrosis [146].

The evidence supporting a fetal programming 
influence and its contribution to the developmen-
tal origins of human disease is one of the most 
compelling reasons why preventing mothers 
from entering pregnancy with obesity and pre- 
existing IR, ingesting a low-quality higher-fat 
diet, and having excessive GWG are so critical 
for improving long-term health in both the mother 
and her offspring [151]. Maternal obesity has 
also been shown to be a stronger predictor than 
GDM for offspring risk of metabolic syndrome at 
ages 6–11 years [152]. Further, maternal obesity 
is a stronger risk factor than GDM in predicting 
offspring obesity by dual X-ray absorpitometry 
(DXA) at 9 years of age [153]. To underscore the 
impact of modifying pre-pregnancy BMI, studies 
have found a decreased risk of offspring obesity 
if the mothers underwent surgical weight loss 
prior to pregnancy [154, 155].

Maternal diet and GWG are potential inter-
ventions and preliminary data from a cohort of 
mothers who consumed a low- versus high- 
glycemic index diet during pregnancy demon-
strated that, at 1 year of life, the infants of 
mothers who consumed the low-glycemic index 
diet showed evidence of improved vascular 
health (lower aortic intima-medial thickness) 
[156, 157]. Although pre-pregnancy BMI 

appears to be a stronger risk factor than GWG 
[42, 126, 158, 159] for childhood obesity, there 
are some data to support that GWG is an inde-
pendent risk factor for increased childhood BMI 
[111], especially in overweight mothers [127]. 
Increased GWG has been shown to be associated 
with increased adiposity not only at birth but 
also at 6  years of age in the Southampton 
Women’s Study Group [152]. Although pre-
pregnancy BMI was shown to increase the risk 
of childhood metabolic syndrome at ages 6–11 
years by nearly twofold, LGA at birth, influ-
enced by both maternal BMI and GWG, 
increased the risk more than twofold [160].

In addition to increasing childhood metabolic 
risk, maternal obesity and metabolic disorders 
accompanied by IR have been associated with a 
higher risk of attention deficit hyperactivity dis-
orders, autism spectrum disorders, anxiety, 
depression, schizophrenia, and eating disorders, 
as well as impairments in offspring cognition 
[161]. In nonhuman primates, exposure to a 
maternal high-fat diet independent of maternal 
obesity can cause persistent changes in offspring 
behavior with alterations in serotonergic, dopa-
minergic, and melanocortinergic pathways, in 
addition to changes in appetite regulatory path-
ways in the hypothalamus. These changes in 
brain neurotransmission and behavior persisted 
in the offspring at 1 year, even after weaning to a 
normal diet [162]. Elevations in FFA, glucose, 
insulin, leptin, TNFα(alpha), C-reactive protein 
(CRP), and interleukin 6 (IL-6)—all biomarkers 
of underlying maternal insulin resistance—may 
permanently change neuroendocrine regulation 
and brain development.

 Cellular and Epigenetic Changes 
Associated with Long-Term Offspring 
Outcomes
Compelling new evidence has underscored a 
complex association between maternal obesity, 
IR, maternal diet, and epigenetic modifications 
that lead to long-term offspring health outcomes. 
At the cellular level, animal models demonstrate 
that obesity during pregnancy can accelerate fetal 
adipogenesis, affecting lipid storage, and mito-
chondrial metabolism in both adipocytes and 
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skeletal myocytes [133]. Skeletal muscle and adi-
pose tissues are both developed from mesenchy-
mal stem cells (MSC). Importantly, MSC also 
reside in fully developed tissues for repair and 
maintenance (e.g., adipose stromovascular cells, 
skeletal muscle satellite cells). Thus, fetal pro-
gramming of the MSC lineage may not only alter 
tissue development in utero, but may maintain tis-
sue phenotype throughout life. For example, skel-
etal muscle satellite cells from adults with 
established obesity and/or type 2 diabetes exhibit 
altered lipid partitioning when differentiated to 
myotubes in vitro [163, 164]. These satellite cell 
metabolic outcomes often track with the in vivo 
metabolic phenotype of the donor [163], suggest-
ing that the origins of altered lipid partitioning 
may be genetically or epigenetically programmed. 
Our group has shown that umbilical cord mesen-
chymal stem cells (uMSC) from the newborns of 
obese women preferentially differentiate into adi-
pocytes compared to the uMSC from newborns of 
normal-weight women [165]. Furthermore, the 
differentiated adipocytes have more lipid content, 
which is correlated to offspring percent fat mass 
at birth.

In clinical studies, maternal nutrition, GWG, 
and obesity can alter DNA methylation in infant 
tissues, such as umbilical cord blood [166], 
umbilical cord [167], and buccal cells [168]. 
Interestingly, a study found improved cardiovas-
cular risk profiles and differential methylated pat-
terns of glucose regulatory genes in offspring 
born before or after maternal bariatric surgery 
[169] associated with less GWG and maternal 
obesity. Moreover, animal data suggest that pre-
conception maternal diet and nutritional status 
may be a key determinant of the fetal epigenome 
[170–172]. However, there is a paucity of studies 
investigating maternal nutritional interventions 
and epigenetic changes, and, in the relatively 
small number of published studies, examination 
of the role of maternal nutrition and epigenetics 
is retrospective. Animal models and epidemio-
logical studies have demonstrated that fetal 
growth and development are most vulnerable to 
maternal nutrition in early gestation, specifically 
during the implantation period followed by rapid 
fetal development [172–174]. Most nutritional 

interventions are administered during gestation 
and postnatal development to improve infant 
growth and have achieved limited success [175].

There are several animal studies that suggest 
maternal obesity may be associated with changes 
in gene methylation in cord blood of newborns 
[176]. Furthermore, there may be sex specificity 
as to how insulin-sensitive tissues in the offspring 
are programmed from maternal obesity, diet, IR, 
or metabolic influences [126]. Metastable epial-
leles are loci where DNA methylation occurs sto-
chastically early in embryogenesis and is 
maintained and propagated through all cell types 
during differentiation. These epialleles offer a 
potential mechanism for the epigenotype that is 
not genetically mediated or cell-type specific, but 
is influenced by maternal nutrition across every 
tissue. Marked differences in peri-conception 
maternal diet within Gambian women due to the 
rainy season resulted in changes in maternal 
plasma levels of key methyl-donor pathways 
(e.g., MET, CHOl, FOL, HCY, B Vits) and the 
methylation of infant DNA at 2–8 months in lym-
phocytes and hair follicles [171]. Whether these 
loci or others are associated with pathways for 
obesity, as would be expected by changes in 
maternal nutrition or maternal IR in humans, is 
being investigated.

 Placental Correlates That May 
Influence Fetal Growth

Although a comprehensive review of placental 
changes and nutrient transport because of mater-
nal IR and obesity is beyond the scope of this 
review, there is evidence that placentas affected 
by obesity and GDM are characterized by upreg-
ulation of placental genes involved in lipid trans-
port and metabolism more than glucose 
metabolism and a striking increase in inflamma-
tory gene expression [42, 177, 178]. Dietary 
effects on the placenta have been shown in the 
placentas of Japanese macaque mothers exposed 
to a high-fat diet. The placentas demonstrated 
reduced blood flow on the fetal side with 
increased infarctions and inflammatory cyto-
kines and increased risk of stillbirth [179]. In 
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humans, lipids are not only an important nutrient 
source for fetal development and adipose tissue 
accretion, but have also been shown to stimulate 
both AA and FA uptake, activating cellular sig-
naling pathways [180, 181]. The placenta has 
been proposed to act as a nutrient sensor, regu-
lating nutrient transport and subsequently fetal 
growth in association with changes in maternal 
IR, fuel supply, and maternal cytokines such as 
adiponectin [182–184]. Nutrients cross the 
microvillous membrane from the maternal blood 
and are processed within the cytoplasm and 
delivered to the basal membrane on the fetal side 
before reaching the fetal capillary endothelium. 
In the human placenta, both FA transport and 
AA transplacental transfer is regulated by the 
activity of membrane- bound transporters in the 
microvillous and basal membrane. It has been 
demonstrated that both insulin and leptin stimu-
late the activity of the System A amino acid (AA) 
transporter [185], which is upregulated in the 
microvillous membrane of pregnancies affected 
by both gestational diabetes and obesity and is 
associated with fetal overgrowth [186], and adi-
ponectin decreases it [54, 57, 187]. Fatty acids in 
maternal blood are present as non-esterified FA 
bound to albumin, and in VLDL or chylomicrons 
(CM), which can be hydrolyzed by placental 
lipoprotein lipase (Fig.  5.1). Our group has 
recently demonstrated that placental LPL activ-
ity correlates with newborn adiposity [33]. 
Cleaved FAs are transferred to the fetus by either 
simple diffusion or transfer through FA transport 
proteins (i.e., FATP2, FATP4, CD36) located on 
both the microvillous and basal membranes. 
However, the influence of placental metabolism 
on fatty acid transfer to the fetus is highly com-
plex, and the placenta incorporates fatty acids 
into lipid pools that appear to modulate their 
transfer to the fetus [188]. A recent article sug-
gested that maternal obesity may result in FA 
accumulation and FA oxidation that is lower 
than in placentas of normal-weight women, in 
part due to fewer mitochondria and a decrease in 
mitochondrial FA oxidation capacity [189].

Interestingly, in the placenta, as opposed to 
other tissues in which it has an insulin-sensitizing 
effect, adiponectin appears to cause insulin resis-

tance and appears to prevent insulin-stimulated 
amino acid uptake in primary human trophoblast 
cells [54, 57]. This may occur by binding to adi-
ponectin receptor-2, activating PPARα(alpha) 
and ceramide synthase, which inhibits IRS-1 
phosphorylation. This may result in reduced pla-
cental insulin responsiveness resulting in limita-
tion of amino acid transport and birth weight [54, 
57]. However, in obesity or GDM, reduced adi-
ponectin allows increased amino acid transport 
and fetal overgrowth [57]. Chronic administra-
tion of adiponectin to pregnant mice inhibits pla-
cental insulin and mTOR (mammalian target of 
rapamycin) signaling and downregulates the 
activity and expression of key placental nutrient 
transporters. This appears to decrease fetal 
growth at the level of the placenta in addition to 
its many other effects on maternal metabolism 
that reduce glucose and lipid availability [187]. 
These data suggest that adiponectin, and espe-
cially HMW adiponectin, may play an indepen-
dent and important role in β(beta)-cell adaptation 
in pregnancy, glucose and lipid metabolism, and 
placental nutrient transport signaling resulting in 
an inverse relationship with fetal growth.

 Changes in Inflammation During 
Pregnancy

In pregnancy, profound changes to the immune 
system occur to prevent rejection of the fetus, and 
this shift is accomplished by a relative decrease in 
the maternal adaptive immune response while the 
innate immune response heightens. As mentioned, 
recent findings suggested that TNFα(alpha) may 
be a mediator in the insulin resistance of preg-
nancy. One investigation reported data showing 
that the changes in insulin sensitivity between the 
second and third trimesters of pregnancy were 
correlated with maternal plasma TNFα(alpha) [9, 
22]. Several studies have revealed an association 
between placental TNFα(alpha) and fetal adipos-
ity [190, 191]. Overall, the placenta is now a tar-
get of great interest in understanding the insulin 
resistance of pregnancy because it is a source and 
target of cytokines that may impact both mother 
and infant [192].

T. L. Hernandez et al.



83

Evidence characterizing the role of maternal 
inflammation in humans correlating with off-
spring metabolic disease is mixed. However, 
there is some modest evidence that maternal 
lipopolysaccharide (LPS) or cytokine expo-
sures may result in increased adiposity, and 
moreover they have the capacity to be trans-
ferred to the fetus and modulate placental trans-
fer of nutrients [193]. Placental inflammation 
appears to be increased to some extent in obese 
women, especially IL-6, which could have the 
capacity to increase FA transport to the fetus 
[42, 130, 193, 194]. Overall, the degree to 
which IR induces inflammation in pregnancy 
given its immune tolerance remains to be eluci-
dated, as does how maternal inflammation 
impacts offspring outcomes.

 The Metabolome in Normal 
and Obese Pregnancies

Despite the well-established independent risk 
factor of increased maternal BMI on infant 
birth weight and adiposity at birth, the meta-
bolic pathways in the infant that contribute to 
long-term obesity risk remain complex and 
unresolved. A study that attempted to charac-
terize the cord metabolome of infants at risk for 
childhood obesity found that the most differen-
tially regulated metabolites in newborns with 
excessive childhood weight gain were related to 
food and plant components supporting a strong 
role for maternal dietary factors influencing the 
risk of offspring obesity [195]. In a recent 
study, fasting and 1-hour OGTT samples at 
28 weeks were collected from 400 mothers in 
the Hyperglycemia and Adverse Pregnancy 
Outcome (HAPO) trial, and metabolomics 
assays were performed in an attempt to corre-
late metabolites with infant subcutaneous fat by 
skinfolds. Higher BMI and maternal IR were 
associated with multiple metabolites, including 
acylcarnitines, branched- chain amino acids, 
lipids, and carbohydrates, which were corre-
lated in part with newborn size at birth but none 
with high specificity [196]. Novel differences 
in the metabolomics and transcriptomics of 

stem cells in human infants born to obese 
women and their correlation with maternal phe-
notypes and infant adiposity have been carried 
out by our group [197]. Our overall initial 
hypothesis that maternal BMI is an important 
predictor of changes in the umbilical cord mes-
enchymal stem cells (uMSC) was found to be 
only partially correct. Percent fat of the infant, 
which is the summation of all exposures 
throughout gestation, proved to be a much bet-
ter correlate of dysregulated metabolism and 
gene expression, particularly in the offspring 
from obese mothers. Transcriptionally, there 
were broad differences between the offspring 
from normal-weight and obese mothers. 
Changes in incomplete β(beta)-oxidation, in 
compensatory amino acid and fatty acid metab-
olism, and in gene pathways of nutrient sensing 
and mitochondrial metabolism were related to 
newborn adiposity in the offspring of obese 
mothers, and it appeared that maternal obesity 
has effects on underlying stem cell metabolism, 
not just on newborn adiposity [197]. Further, 
we demonstrated that maternal FFA exposure in 
the second trimester is related to both newborn 
adiposity and stem cell physiology and energy-
related gene expression. The significance of our 
findings in the human infant MSCs is that the 
reduced metabolic potential in the infants of 
obese mothers, with increased adiposity, 
appears to be maintained in the cells after sev-
eral passages and after differentiation toward 
myocytes and adipocytes. Similar incomplete 
β(beta)-oxidation of lipids was found in fetal 
skeletal muscle of nonhuman primates exposed 
to maternal obesity, even in the absence of a 
Western- style diet [50], suggesting these cells 
maintain a phenotype as fully differentiated 
skeletal muscle. If these tissue-specific changes 
are carried forward in the muscle and adipose 
tissue of the child, it would favor lipid storage 
over oxidation upon exposure to an obesogenic 
environment. Although correlation is not causa-
tion, these  findings raise the question as to 
whether cells at birth are partially programmed 
and can be further programmed postnatally as 
they are subject to multiple nutritional and 
postnatal environmental exposures.
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 Interventions to Attenuate Excess 
Maternal Insulin Resistance 
and Improve Pregnancy Outcomes

Although pregnant women tend to be highly 
motivated to improve their health status for the 
sake of their unborn child, behavioral changes are 
difficult. Interventions that may attenuate the 
increasing maternal insulin resistance and 
improve maternal and offspring outcomes focus 
on healthy nutrition patterns and physical activity 
to minimize excess GWG. Moreover, they hope 
to prevent development of GDM and decrease the 
risk of an LGA infant. Given the marked changes 
in appetite, nausea, fatigue, poor sleeping, mus-
culoskeletal discomfort, dyspnea, and steadily 
increasing weight gain, starting an exercise/diet 
program during pregnancy is highly challenging 
and may be of limited benefit. Over the past 
15 years, there have been more than 70 published 
interventions designed to decrease GWG and 
LGA, but results have been disappointing [2, 
198]. In the past 5 years, there have been at least 
15 reviews and meta-analyses summarizing the 
effects of these interventions to reduce GWG or 
prevent GDM. The overall reduction in GWG has 
been modest at best, ranging 0.4–3.5  kg, and 
dietary changes alone appear to be the most 
effective in reducing excessive GWG, gestational 
diabetes, and hypertensive disorders of preg-
nancy, especially when occurring earlier in preg-
nancy. Although physical activity may slightly 
reduce LGA, it is less effective for reducing 
excess GWG. Increasing data support that inter-
ventions to break the intergenerational cycle of 
offspring obesity and insulin resistance need to 
start prior to conception in girls of reproductive 
age [42, 126].

In an attempt to target the microbiome to pre-
vent the development of excess maternal insulin 
resistance and the development of GDM, a probi-
otic containing Lactobacillus rhamnosus 
GG/Bifidobacterium lactic Bb12 (1010  CFU)/
day with intensive diet counseling was studied. 
This resulted in a 60% reduction in GDM in a 
study in Finland, but this outcome has not been 
replicated [199]. Interestingly, there was no sta-

tistical difference between groups in GWG.  A 
recent RCT using the Lactobacillus rhamnosus 
given at 14–16 weeks appeared to decrease the 
development of GDM in women at risk by 34% 
[200]. A large Australian RCT enrolling 411 
women (SPRING) was recently completed using 
the same probiotic [201] in overweight/obese 
women with the intent to prevent 
GDM. Gestational diabetes incidence was simi-
lar in the probiotic group versus placebo (18.4% 
vs. 12.3%) [202]. Myo-inositol has also been 
investigated as a supplement. An RCT in Italy 
showed a 60% reduction in gestational diabetes, 
but interestingly, no difference in GWG when 
2 mg/day of myo-inositol with 200 μg folic acid 
was used [203]. However, a recent trial conducted 
in Ireland showed no difference in the develop-
ment of GDM across 240 pregnant women ran-
domized to 1100  mg myo-inositol, 27.6  g 
D-Chiro inositol, and 400  μg folic acid versus 
400 μg folic acid alone as well as no differences 
in fasting glucoses [204]. Omega-3 fatty acids 
have also been examined in >35 RCTs and have 
not been successful in preventing LGA, pre-
eclampsia, or GDM [205]. Although a random-
ized, double-blinded controlled trial was 
conducted in overweight/obese pregnant women 
who were assigned to receive DHA plus EPA 
(2  g/day) or a placebo twice a day from week 
10–16 to term, there was a large drop-out rate. In 
the 49 analyzed samples, although there was a 
reduction in adipose tissue and placental inflam-
matory gene expression biomarkers and reduc-
tion in plasma CRP, there were no differences in 
maternal or infant outcomes [206].

Metformin would be expected to improve IR 
and prevent GDM through its insulin-sensitizing 
effects, and, although early observational data 
suggested that GDM among women with poly-
cystic ovary syndrome (PCOS) was reduced with 
metformin, the finding was not confirmed in a 
large RCT from the first trimester [207] or a 
meta-analysis examining the available RCTs 
[208]. In the Metformin in Obese Pregnancy trial 
(MOP), 400 women with a BMI  >  35  kg/m2 
received metformin 3 g/day versus placebo in a 
double-blind, placebo-controlled trial between 
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12 and 18  weeks of pregnancy. Although the 
women in the metformin arm gained ~1.7 kg less 
than the placebo arm and had a lower incidence 
of preeclampsia, there was no difference in the 
rate of LGA or GDM [209].

Because metformin is concentrated in the fetal 
compartment with umbilical artery and vein lev-
els being at least equal to the maternal serum lev-
els [210], there are concerns about its effect on 
the fetus. Hypothetically, if metformin increases 
insulin sensitivity in the fetus, it might be possi-
ble for excess nutrient flux across the placenta to 
result in increased fetal adipogenesis. Its poten-
tial long-term effect on gluconeogenic enzymes 
in the fetal liver is unknown [211]. Furthermore, 
the anticancer effects of metformin that have 
been shown to decrease rapid cell division may 
be a concern in a growing fetus [212], and met-
formin has been recently shown to cause down- 
modulation of cell proliferation-related proteins 
through activation of AMP-activated protein 
kinase (AMPK) [213]. Moreover, metformin has 
been shown to suppress mitochondrial-dependent 
biosynthesis [214]. The largest experience with 
metformin has been in women with gestational 
diabetes women later in pregnancy from the 
Metformin in Gestation (MIG) trial [215], in 
which 751 women were randomized to metfor-
min versus insulin after exclusion of hyperten-
sion and fetal growth restriction. Metformin did 
not appear to increase any adverse outcomes, 
although it was associated with a slight increase 
in preterm birth and failed to control glycemia in 
46% of the women (who then required the addi-
tional of insulin therapy). Interestingly, a greater 
increase in TG was seen in the metformin group 
compared to insulin alone, and maternal TG, 
C-peptide, and maternal BMI were correlated 
with LGA and anthropometric measures of infant 
adiposity [216]. The offspring in the MiG trial 
were followed for 2  years, and it was demon-
strated that the children exposed to metformin 
had increased subcutaneous fat [217, 218]. 
Another RCT in women with PCOS compared 
metformin to placebo and showed that, although 
women randomized to metformin gained less 
weight during pregnancy, at 1  year postpartum 

the women who used metformin in pregnancy 
had less postpartum weight loss and their infants 
were heavier [219]. Overall, interventions 
focused on mitigating IR through nutrition, phys-
ical activity, and control of GWG show promise 
for improving maternal and offspring outcomes 
but are likely going to need to start earlier, pos-
sibly target lower gestational weight gain, and 
need to be more intensively supported.

 Key Questions and Future 
Directions

Although our understanding of IR during preg-
nancy as both an adaptation and a pathology has 
increased, many lingering questions remain, par-
ticularly with respect to nutritional patterns, the 
heterogeneity of obesity, and underlying genetic/
epigenetic mechanisms that impact the pathways 
for IR. The impact of paternal phenotype on the 
offspring metabolic trajectory requires clarifica-
tion. Moreover, maternal IR may impart a differ-
ential influence on the placenta, fetal growth, and 
fat accretion or programming effects in male ver-
sus female offspring [220]. Although only mod-
estly effective to date, lifestyle interventions 
incorporating nutrition, physical activity, and 
control of GWG may reveal long-term benefits to 
maternal and offspring health, especially if they 
can implemented pre-pregnancy or early in preg-
nancy. Moreover, it may be possible to use tar-
geted nutrition therapy or supplements to target 
specific nutrients (glucose, TG, FFA, AA) and/or 
explore the use of microbes that might favorably 
modify intrauterine conditions to optimize both 
maternal outcomes and fetal growth patterns. 
Furthermore, targeting sleep disorders with inter-
ventional strategies to improve sleep quality 
could improve IR and the associated disorders in 
glucose and lipid metabolism. The importance of 
interventions in the pre-conception period, or 
during oocyte development, has yet to be clari-
fied. Whether there is a causative role for 
 epigenetic modifications influenced by the intra-
uterine environment or in the changes in the early 
microbiome and their metabolic relevance is 
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largely unknown. Future research focused on 
how to separate the postnatal influences of nutri-
tion and breastfeeding from pregnancy expo-
sures, given the plasticity of offspring tissues, is 
critical to the design of new interventions to pro-
mote long-term offspring health.
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Maternal-Fetal Contributors 
to Insulin Resistance Syndrome 
in Youth
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 Introduction

The life course approach to chronic diseases con-
siders fetal life a critical period for the develop-
ment of later, adult chronic diseases [1]. 
Numerous studies have linked growth restriction 
in utero, as marked by low birth weight or thin-
ness at birth, with an increased risk for the meta-
bolic syndrome (MetS) [2, 3], insulin resistance 
(IR) [4–6], poor glucose tolerance and/or type 2 
diabetes mellitus (T2DM) [7, 8], and indicators 
of early cardiovascular disease (CVD) [9–14] in 
adulthood. The effects were strong and greatly 
enhanced by the presence of adult obesity. These 
findings were linked to poor fetal nutrition during 
intrauterine life and constitute the basis for “the 
thrifty phenotype” hypothesis [15]. At the other 
end of the birth weight distribution, macrosomic 
infants of women with diabetes during pregnancy 
are a group exposed to overnutrition during the 
intrauterine life. They have also been shown to 
have an increased risk for obesity and T2DM as 
adults [16, 17].

Metabolic syndrome is a complex disorder 
comprised of a set of clinical abnormalities, 
including obesity, abnormal glucose tolerance, 
insulin resistance, dyslipidemia, and hyperten-
sion [18]. Individuals with MetS are at significant 
risk for future CVD and T2DM.  Interest in the 
MetS in the pediatric population has been driven 
by increasing rates of overweight and obesity, 
particularly among youth [19]. To date, the diag-
nosis of MetS in a pediatric population has not 
been standardized, and multiple definitions are 
currently in use [20]. However, 1 in 10 US ado-
lescents are estimated to have the insulin resis-
tance syndrome (IR syndrome)—a cluster of 
abnormalities similar to those used to define met-
abolic syndrome in adults [21]. This number is 
expected to rise along with the prevalence of 
overweight and obesity in this age group, leading 
to increasing prevalence and earlier onset of mor-
bidity and mortality [22, 23]. For many years 
considered a disease found only in adults, T2DM 
is now present and increasing in prevalence much 
earlier in life [24, 25] in close temporal associa-
tion with the epidemic of obesity affecting all 
ages [19, 26]. Given the increased frequency with 
which adult chronic conditions are now observed 
among children, exploring whether and how fetal 
exposures in utero may contribute to the complex 
picture of the IR syndrome in youth is of consid-
erable importance.

Figure 6.1 summarizes recent concepts and 
hypotheses pertinent to the perinatal road to later 
chronic diseases. This chapter summarizes the 
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available literature on the effects of two main 
fetal exposures on components of MetS in youth: 
(1) exposure to diabetes in utero and (2) intra-
uterine growth restraint (IUGR). Also included is 
a discussion of potential mechanisms through 
which these exposures might operate.

 Exposure to Diabetes In Utero

The hypothesis of fuel-mediated teratogenesis 
[27] proposes that intrauterine exposure to an 
excess of fuel (e.g., glucose) causes permanent 
fetal changes. In pregnancies complicated by dia-
betes, this would lead to malformations, greater 
birth weight, and an increased risk of developing 
both obesity and T2DM in later life. These com-
plications have been confirmed in animal studies, 
as offspring of mothers with gestational diabetes 
(GDM) have been shown to have an increased 
risk for diabetes, obesity, and CVD [28–30].

 Effects on Growth, Adiposity, 
and Risk for Childhood Obesity

Development in a diabetic intrauterine environ-
ment results in excess fetal growth. While mater-

nal glucose freely crosses the placenta, maternal 
insulin does not [27]. The developing fetal pan-
creas responds to this increased glucose load by 
producing additional insulin, which in turn acts 
as a fetal growth hormone promoting growth and 
adiposity.

The role of exposure to diabetes in utero on 
childhood growth and later obesity has been pro-
spectively examined in large cohort studies, 
including the Pima Indian Study, Northwestern 
University Diabetes in Pregnancy Study, the 
Exploring Perinatal Outcomes in Children 
(EPOCH) Study in Colorado, and the Project 
Viva cohort in Massachusetts. The offspring of 
Pima Indian women with preexisting T2DM and 
gestational diabetes (GDM) were larger for ges-
tational age at birth and, at every age, heavier for 
height than the offspring of prediabetic (women 
who did not have diabetes before or during the 
index pregnancy but developed diabetes later) or 
nondiabetic women [16, 31, 32]. Relative weight 
in the latter two groups was similar. From these 
data, it is not clear whether the diabetic intrauter-
ine environment leads to childhood obesity 
directly or simply results in a high birth weight 
that in turn leads to the childhood obesity. 
However, in offspring of diabetic pregnancies 
with normal birth weight, childhood obesity was 

Fig. 6.1 The perinatal road to future chronic diseases. DM diabetes mellitus, CVD cardiovascular disease
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still more common than among offspring of non-
diabetic pregnancies [33]. Even the normal birth 
weight offspring of the Pima Indian diabetic 
women were heavier by age 5–9 years than the 
offspring of nondiabetic and prediabetic women.

The Diabetes in Pregnancy Center at 
Northwestern University in Chicago has con-
ducted the only other longitudinal study that 
reported excessive growth in non-Hispanic white 
(NHW) offspring of women with diabetes during 
pregnancy—mostly GDM and insulin-treated 
DM [34]. Children included in this study were 
examined at birth, at age 6 months, and annually 
to age 8 years. The symmetry index (an obesity 
index), which was normal at 1  year of age, 
increased during follow-up so that by age 8, the 
mean symmetry index was almost 1.3; i.e., the 
children were, on average, 30% heavier than 
expected for their height.

Recent data indicate that the increase in birth 
weight experienced by offspring of diabetic 
mothers may represent an increase in the ratio of 
fat mass to fat-free mass [35, 36]. Using total 
body electrical conductivity (TOBEC) estimates 
of body composition, Catalano et al. [36] showed 
that neonates born to women with GDM have 
20% higher body fat (436 vs. 362 g) compared 
with neonates born to women with normal glu-
cose tolerance, at similar birth weight. These 
findings provide evidence of early effects of 
exposure to diabetes in utero on neonatal obesity 
risk, effects that, as shown above, may be ampli-
fied throughout the life course.

The EPOCH cohort, based in Colorado, exam-
ined the effects of exposure to diabetes in utero 
from birth through childhood [37]. Body mass 
index (BMI) growth trajectories from children 
exposed or not exposed to diabetes in utero were 
similar from birth to 27 months; however, from 
27 months to 13 years, offspring exposed to dia-
betes had a significantly greater BMI growth 
velocity compared to offspring not exposed to 
diabetes. The greatest difference in growth veloc-
ity was found when the children were 10–13 years. 
These offspring also had significantly more cen-
tralized fat distribution (assessed via magnetic 
resonance imagine [MRI]), although this finding 
was attenuated after adjustment for maternal pre-
pregnancy BMI [38]. Project Viva has found sim-

ilar differences in adiposity during childhood in 
children exposed to diabetes in utero. Specifically, 
children exposed to diabetes were shown to have 
a significantly greater skinfold thickness during 
childhood compared to children not exposed to 
diabetes in utero [35].

In general, evidence suggests that offspring of 
diabetic pregnancies are larger [35, 38–40] and 
have more adiposity (fat mass) [41] than off-
spring of nondiabetic pregnancies. These long- 
term effects of the diabetic intrauterine 
environment on the body size of the offspring 
also seem to be similar regardless of whether the 
mother has T1DM, T2DM, or GDM [41].

There is substantial evidence that the excess 
growth experienced by offspring of diabetic 
mothers is not due to genetic factors alone, but is 
also caused by an abnormal intrauterine environ-
ment. First, obesity is no more common in the 
Pima Indian offspring of women in whom diabe-
tes developed after delivery than in those of non-
diabetic women [16, 42]. Second, obesity in the 
Pima Indian offspring of diabetic women cannot 
be accounted for by maternal obesity [33]. Third, 
the excessive growth seen in the offspring of dia-
betic mothers is not found in offspring of dia-
betic fathers [43]. Fourth, within Pima Indian 
families with nondiabetic offspring, BMI was 
significantly higher (+2.6 kg/m2) in the 62 sib-
lings exposed to their mothers’ type 2 DM dur-
ing pregnancy (the diabetic intrauterine 
environment) than in the 121 siblings born 
before maternal diabetes was diagnosed [44]. In 
contrast, there was no significant difference 
between siblings born before or after their father 
was diagnosed with type 2 DM (mean BMI dif-
ference: 0.4 kg/m2) [44]. These data support the 
hypothesis that exposure to DM in utero has 
effects on offspring body size that are indepen-
dent of, or in addition to, genetic susceptibility 
to obesity. Data on 9- to 14-year-old non-His-
panic white children in the Growing Up Today 
Study [45] showed, however, that the association 
between a history of maternal GDM and adoles-
cent overweight was substantially attenuated 
after adjustment for reported maternal BMI, sug-
gesting that genetic susceptibility for obesity 
does account for part of the observed association 
in this population. The authors concluded that 
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their results were consistent with GDM pro-
gramming the fetus for later, postnatal influences 
that lead to obesity, although they did not impli-
cate GDM as a sufficient cause of offspring 
obesity.

 Effects on Glucose-Insulin 
Metabolism and Risk for Type 2 
Diabetes

Exposure to diabetes in utero has also been 
shown to have long-lasting effects on glucose- 
insulin homeostasis. In the SEARCH Case- 
Control Study, youth (aged 10–22 years) exposed 
to maternal diabetes in utero were more likely to 
have type 2 diabetes [46]. Almost half (47.2%) of 
T2DM in SEARCH youth was attributed to intra-
uterine exposure to maternal diabetes and obe-
sity. The Diabetes in Pregnancy Center at 
Northwestern University enrolled offspring of 
women with preexisting diabetes (both insulin 
dependent and non-insulin dependent) and gesta-
tional diabetes from 1977 to 1983. Plasma glu-
cose and insulin were measured both fasting and 
after a glucose load yearly from 1.5 years of age 
in offspring of diabetic mothers and one time at 
ages 10–16 years in control subjects [34]. At the 
age of 12 years, offspring of diabetic mothers had 
significantly higher glucose and insulin concen-
trations and higher prevalence of impaired glu-
cose tolerance (IGT) than the age- and 
sex-matched control group (19.3% vs. 2.5%); 
two female offspring had developed T2DM.  In 
this cohort, the predisposition to IGT was associ-
ated with maternal hyperglycemia, regardless of 
whether it was caused by GDM or preexisting 
insulin-dependent or non-insulin-dependent dia-
betes [31].

More than 400 children were followed pro-
spectively in the Generation 1 Australian cohort 
[47] to examine the independent contribution of 
gestational diabetes to subsequent offspring insu-
lin resistance at age 9–10 years. Children exposed 
to GDM in utero were found to have a signifi-
cantly higher homeostatic model assessment of 
insulin resistance (HOMA-IR) compared to chil-

dren not exposed. This result was not attenuated 
after adjustment for the child’s birth weight or 
current BMI.

A significant correlation between the 2-hour 
post-load plasma glucose in 15- to 24-year-old 
Pima women and their mothers’ 2-hour glucose 
during pregnancy has been described [48]. By 
ages 5–9 and 10–14  years, T2DM was almost 
exclusively present among the offspring of dia-
betic Pima Indian women [49]. In all age groups, 
there was significantly more diabetes in the off-
spring of diabetic women than in those of predia-
betic and nondiabetic women, and there were 
much smaller differences in diabetes prevalence 
between offspring of prediabetic and nondiabetic 
women. These small differences may be due to 
differences in the genes inherited from the moth-
ers, while the large difference in prevalence 
between the offspring of diabetic and prediabetic 
mothers, who have presumably inherited the 
same genes from their mothers, is the conse-
quence of exposure to the diabetic intrauterine 
environment. These differences persisted after 
adjusting for the presence of obesity in the off-
spring, suggesting that the effects of exposure to 
diabetes in utero on offspring’s glucose metabo-
lism are not entirely mediated through the devel-
opment of obesity in exposed offspring. 
Moreover, within the same family, siblings born 
after the mother’s diagnosis of diabetes were 
three times more likely to develop diabetes at an 
early age than siblings born before the diagnosis 
of diabetes in the mother. Since siblings born 
before and after diabetes diagnosis carry the 
same risk of inheriting susceptibility genes, the 
different observed outcomes reflect the effect of 
intrauterine exposure to hyperglycemia [44].

Evidence also exists that, among mothers 
without preexistent DM or frank GDM, fetal 
exposure to mildly elevated maternal blood glu-
cose concentrations that are below the current 
cut-points used to diagnose GDM is still 
 important. A study in Pima Indian pregnant 
women, who were not diabetic and had glucose 
levels in the “normal” range, found a direct linear 
association between maternal fasting glucose 
during the third trimester of pregnancy and risk 
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of T2DM in their offspring, as well as confirming 
a linear association between maternal glucose 
and offspring birth weight in nondiabetic preg-
nancies [50]. In contrast, the EarlyBird Study, a 
historical prospective study in the United 
Kingdom, reported no relationship between 
maternal highest glucose level in pregnancy and 
child’s birth weight, child’s weight, or estimated 
insulin resistance at 8 years [51].

In Pima Indian children aged 5–19 years, the 
prevalence of T2DM has increased two- to three-
fold over the last 30 years [49]. The percent of 
children who have been exposed to diabetes in 
utero has also increased significantly over the 
same time period, which was associated with a 
doubling of the amount of diabetes in children 
attributed to this exposure (from 18.1% in 1967–
1976 to 35.4% in 1987–1996). The “epidemic” of 
type 2 diabetes in Pima Indian children was 
almost entirely accounted for, statistically, by the 
increase in exposure to diabetes during preg-
nancy and the increase in obesity. Exposure to 
intrauterine maternal hyperglycemia was the 
strongest single risk factor for type 2 diabetes in 
Pima Indian youth (odds ratio 10.4, p < 0.0001) 
[49]. The effects of maternal diabetes on the child 
may, thus, be viewed as a cross-generational 
vicious cycle [52]. Children whose mothers had 
diabetes during pregnancy are at increased risk of 
becoming obese and developing diabetes at 
young ages. Many of these female offspring 
already have diabetes or abnormal glucose toler-
ance by the time they reach their childbearing 
years, thereby perpetuating the cycle.

Whether the vicious cycle of the diabetic 
pregnancy is operating in populations other than 
American Indians has not yet been studied. Two 
recent studies among members of the Kaiser 
Permanente Health plan show a significant 
increase in the cumulative incidence of GDM: 
~35% over the last decade in Northern California 
[53] and 11% annually between 1994 and 
2002 in Colorado [54]. Important and disturbing, 
both studies show increasing rates of GDM 
among all racial/ethnic groups. It is, therefore, 
very likely that the vicious cycle of diabetes in 
pregnancy initially described among Pima 

Indians is also operating among other US racial/
ethnic groups. Exploring the effects of exposure 
to diabetes in utero on fasting glucose and insu-
lin concentrations among youth of other racial/
ethnic groups than American Indian is of consid-
erable importance.

The mechanisms by which exposure to diabe-
tes in utero increases the risk of IGT and T2DM 
are still uncertain. A higher frequency of mater-
nal than of paternal transmission of diabetes has 
been demonstrated in Goto-Kakizaki (GK) rats 
[55], in whom diabetes is induced by streptozoto-
cin injection or glucose infusion. They do not 
have any genetic predisposition for diabetes, nor 
can their diabetes be classified as type 1 or 2. 
These studies have demonstrated that hypergly-
cemia in the mother during pregnancy leads to 
impairment of glucose tolerance and decreased 
insulin action and secretion in adult offspring 
[56]. Several studies performed in newborns of 
diabetic mothers have shown an enhanced insulin 
secretion to a glycemic stimulus in these neo-
nates [57], and consistent with these findings, 
Van Assche [58] and Heding [59] described 
hyperplasia of pancreatic β (beta) cells in new-
borns of diabetic mothers. Whether this is a tran-
sient phenomenon or leads to impaired glucose 
tolerance later in life when insulin resistance 
becomes important is still uncertain. Impaired 
insulin secretion has also been proposed as a pos-
sible mechanism. Among Pima Indian adults, the 
acute insulin response to glucose was 40% lower 
in individuals whose mothers had DM during 
pregnancy than in those whose mothers devel-
oped DM after the birth of the subject [60]. Based 
on observations made in rats and supported by 
the Pima Indian findings, it may be hypothesized 
that exposure to hyperglycemia during critical 
periods of fetal development “programs” the 
fetus to later develop insulin resistance and defec-
tive insulin secretion, although the sequence of 
metabolic disturbances is less clear. Importantly, 
these effects are independent of birth weight [33, 
61, 62], they appear to be similar regardless of 
maternal diabetes type [63, 64], and they may not 
be entirely explained by the development of obe-
sity in exposed offspring [31, 65].
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 Effects on the Adipoinsular Axis

As shown in Fig. 6.1, there is a suggestion that 
relative hyperinsulinemia in offspring of dia-
betic pregnancies may be a precursor to child-
hood obesity. Amniotic fluid insulin 
concentrations have been shown to correlate 
positively with childhood obesity among these 
offspring [66]. In the Diabetes in Pregnancy 
study, amniotic fluid insulin was collected at 
32–38  weeks of gestation. Among 6-year-old 
offspring, there was a significant positive asso-
ciation between the amniotic fluid insulin level 
and childhood obesity, as estimated by the sym-
metry index. The insulin concentrations in 
6-year-old children who had a symmetry index 
of less than 1.0 (86.1 pmol/l) or between 1.0 and 
1.2 (69.9 pmol/l) were only half of those mea-
sured in the more obese children with a symme-
try index greater than 1.2 (140.5 pmol/l, p < 0.05 
for each comparison).

However, the mechanisms through which the 
exposure to a disturbed fuel environment during 
intrauterine life might predispose to later adipos-
ity are largely unknown. Leptin, a hormone 
secreted by adipocytes and by the placenta, is 
important for fetal growth [67]. In umbilical cord 
blood, there is a strong increase in leptin levels 
coinciding with the development of fetal adipose 
tissue. Insulin may increase leptin levels, and 
after birth, there is a functional negative feedback 
loop between leptin and insulin (adipoinsular 
axis). An inverse relationship between cord blood 
leptin and BMI growth in the first year of life has 
been found; however, exposure to overnutrition 
in utero (maternal diabetes or obesity) did not 
significantly modify this association [68].

Elevated cord blood leptin concentrations 
were found in both infants of T1DM (24.7 ng/ml) 
and GDM mothers (29.3  ng/ml), compared to 
controls (7.9  ng/ml) [69]. Offspring of mothers 
with preexisting DM had a higher ponderal index 
at birth, as well as higher cord blood insulin and 
leptin levels, than those of mothers with GDM or 
control subjects [70] reflecting the influence of 
early maternal hyperglycemia on fetal growth. 
Cord blood leptin appears to reflect, therefore, 
fetal growth in newborns of diabetic mothers. It 

appears to be a useful marker of fat mass at birth, 
and it quantifies even a “mild diabetes effect” on 
the newborn. In two other studies, exposure to 
GDM in utero was associated with both hyper-
leptinemia and hyperinsulinemia in the newborns 
[71, 72], suggesting that the exposure may lead to 
increased insulin secretion and adiposity in the 
fetus, which may reflect an inability of rising 
plasma leptin concentrations to control the 
release of insulin [71]. Fetal overnutrition may 
therefore result in a resetting of the adipoinsular 
axis leading to adiposity during childhood—a 
hypothesis that requires further testing.

 Other Effects

Recent epidemiological evidence suggests fetal 
life influences the risk of cardiovascular disease 
later in life [73, 74]. Animal studies have shown 
that maternal diabetes can induce cardiovascu-
lar dysfunction in adult offspring [75]. Few 
human studies have examined cardiovascular 
risk factors in offspring of diabetic pregnancies. 
By 10–14 years, offspring of diabetic pregnan-
cies enrolled in the Diabetes in Pregnancy fol-
low-up study at Northwestern University had 
significantly higher systolic and mean arterial 
blood pressure than offspring of nondiabetic 
pregnancies [34]. Higher concentrations of 
markers of endothelial dysfunction (ICAM-1, 
VCAM-1, E-selectin), as well as increased 
cholesterol-to- HDL ratio, were reported among 
offspring of mothers with T1DM compared with 
offspring of nondiabetic pregnancies, indepen-
dent of current body mass index [74]. Recently, 
the Project Viva cohort has shown that children 
exposed to GDM had significantly higher sys-
tolic blood pressure at age 3 years; however, this 
association was attenuated by further adjust-
ment for the child’s adiposity assessed via skin-
fold thickness [35]. In contrast, the Pima Indian 
investigators have previously shown that, inde-
pendent of adiposity, 7- to 11-year-old offspring 
exposed to maternal diabetes during pregnancy 
have significantly higher systolic blood pressure 
than offspring of mothers who did not develop 
T2DM until after the index pregnancy [76]. 
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These data suggest that in utero exposure to dia-
betes confers risks for the development of car-
diovascular disease later in life that are 
independent of adiposity and may be additive to 
genetic predisposition to diabetes or cardiovas-
cular disease [74].

 Intrauterine Growth Restraint

Human epidemiological studies over the last 
20  years have provided strong evidence of an 
inverse association between size at birth and the 
development of adult glucose intolerance, 
T2DM, and the IR syndrome [17, 77–79]. 
Subsequently, more than 30 studies worldwide 
have confirmed different aspects of this research 
[9, 15]. The association has been explained as 
representing long-term effects of nutritional 
deprivation in utero on fetal growth, develop-
ment of the endocrine pancreas, and future risk 
for IR and T2DM (the “thrifty phenotype hypoth-
esis”) [15], or as following from pleiotropic 
effects of genes influencing both fetal growth 
and susceptibility to IR/T2DM (the “thrifty fetal 
genotype hypothesis”) [80]. Direct evidence that 
poor maternal nutrition can have detrimental 
consequences for adult glucose tolerance came 
from a study of adults who were in utero during 
the Dutch Famine toward the end of World War 
II. Offspring of these pregnancies were found to 
have reduced glucose tolerance, an effect most 
marked in those who were in utero in the last 
trimester of pregnancy [81]. More recently, evi-
dence for adverse consequences of a poor mater-
nal environment has come from studies of 
glucose tolerance in offspring of mothers who 
smoked during pregnancy. Smoking in preg-
nancy, long recognized as a cause of reduced 
birth weight, increased the amount of T2DM in 
the offspring [82].

An important challenge of the thrifty pheno-
type hypothesis is that the exact nature and num-
ber of intrauterine insults that translate into 
intrauterine growth restraint in contemporary 
societies are not known and maternal diet during 
pregnancy does not seem to completely account 
for offspring size at birth [83]. In addition, fetal 

nutrition, which is a function of maternal body 
size and nutritional status, uterine perfusion, pla-
cental function, and fetal metabolism, is likely to 
be more important than maternal diet per se in 
determining future chronic disease risk [84]. 
Moreover, the association between birth weight 
and components of the IR syndrome in adult life 
was greatly enhanced by the presence of adult 
obesity [85], suggesting an interaction between 
in utero insults and postnatal growth trajectory, 
on later outcomes.

 Intrauterine Growth Restraint 
and Catch-Up Growth

A recent explanation for the increased risk of 
future development of the IR syndrome among 
low birth weight individuals is that of an inter-
action between fetal growth restraint and early 
childhood growth [83]. The highest risk of 
future chronic diseases seems to be among peo-
ple who were small at birth and became over-
weight during childhood and early adulthood. 
The “fetal origins hypothesis” suggests that the 
interaction between small size at birth and obe-
sity later in life reflects an integrated pathogen-
esis. From this perspective, it was inferred that 
early postnatal “catch-up growth” modifies 
intrauterine influences. In the Avon Longitudinal 
Study of Parents and Children (ALSPAC) [83], 
non-Hispanic white infants who were smaller 
and thinner at birth but who showed “catch-up 
growth” during the first 1–2 years of life were 
larger and had more fat mass than other chil-
dren at 5  years. In this contemporary birth 
cohort, 30.7% of children showed catch-up 
growth, defined as a gain in SD score for weight 
between 0 and 2 years greater than the width of 
any percentile band on standard growth charts 
(greater than 0.67 SD scores). Similar results 
were found in a multiethnic cohort of healthy 
children from Colorado; infants (birth to 
12  months of age) exposed to IUGR experi-
enced a higher growth velocity (i.e., “catch-up 
growth”) compared to unexposed  children [6]. 
However, these differences were not detected 
beyond this first year of life.
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 Effects on Childhood Growth and Risk 
for Obesity

Among 5210 Finnish individuals who were born 
between 1924 and 1933, BMI at age 7 (obtained 
from school health records) was a strong risk 
factor for adult obesity, and the association was 
only partly explained by maternal body mass 
index (BMI) [86]. Moreover, the growth of those 
individuals who later developed obesity was 
faster in height, weight, and BMI from birth to 
age 7. Consistent with previous findings [87, 
88], the relationship between birth weight and 
later obesity tended to be “J” shaped. It is possi-
ble, as the Finnish authors suggest, that babies 
who have a low birth weight lack muscle, since 
muscle tissue mostly develops during late gesta-
tion. They will have a disproportionate fat-to-
lean mass if they become overweight, and this 
will further increase their risk to later develop 
the metabolic syndrome.

 Effects on Glucose-Insulin 
Metabolism

Very little is known about the effects of intra-
uterine growth restraint, as a marker of yet 
unknown intrauterine exposure(s), and its inter-
action with early growth patterns on estimated 
insulin resistance and insulin secretion among 
children. A summary of key studies that has 
examined the relationship between IR and birth 
size among children is given in Table 6.1 [3, 4, 6, 
8, 87, 89–94]. Most of the available data indicate 
that, in general, intrauterine growth restraint is 
associated with markers of insulin resistance, 
after adjusting for attained BMI (Table  6.1). 
However, in 9- to 12-year-old British children, 
birth weight was negatively associated with 
30-minute blood glucose, independent of gesta-
tion or subsequent growth [95]. In contrast, 
plasma insulin concentrations were more 
strongly associated with the pattern of childhood 

Table 6.1 Studies relating measures of insulin resistance to size at birth

Population N
Age 
(years) Outcome Measurement Relationship

Salisbury children [89] 250 7 Fasting insulin Ponderal 
index

Inverse association

Pune children [90, 91] 379 4 30-minute insulin Birth weight Inverse association
8 Fasting, 30-minute, 2-hour 

insulin
Birth weight Inverse association with fasting 

and 30-minute insulin.a No 
association with 2-hour insulin

UK children [92] 1138 10–11 Fasting, 30-minute insulin Birth weight Inverse associationa

NHW and AA
US adolescents [93]

296 15 Fasting insulin, IR 
(euglycemic clamp)

Birth weight Inverse association with fasting 
insulin.a No association with 
insulin sensitivity

AA US youth [94] 53 4–14 Fasting insulin, visceral 
fat, IR (FSIGT)

Birth weight Inverse association

US Pima Indians [87] 2272 5–29 Fasting, 2-hour insulin, 
HOMA-IR

Birth weight Inverse associationa

Chinese adults [4] 975 41–52 Metabolic syndrome Ponderal 
index

Inverse association

Young adults in 5 
low–middle-income 
countries [8]

6511 15–30 Fasting glucose Birth weight Inverse association

Contemporary US 
cohort [6]

506 9–13 Fasting insulin and fasting 
glucose

IUGR Inverse associationa

Young Italian women 
[3]

85 20–22 Fasting, 30 minutes 
glucose, fasting insulin, 
fasting, 20 minutes insulin

Birth weight Inverse association

IR insulin resistance, FSIGT frequently sampled intravenous glucose tolerance test, IUGR intrauterine growth 
restriction
aAdjusted for body mass index
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weight gain than with growth in utero: Higher 
insulin concentrations were seen in children with 
the greatest increase in weight SDS between 
18 months and current follow- up. In the ALSPAC 
cohort, the association between low birth weight 
and increased IR at 8 years of age was accounted 
for by the rapid growth in the first 2 years of life 
[96]. Among 4-year-old Asian Indian children, 
low birth weight was associated with increased 
glucose and insulin concentrations [91] and with 
most of the IR syndrome components in other-
wise healthy 8-year-olds [90]. In the United 
States, among Pima Indian children and young 
adults, birth weight was inversely associated 
with fasting and 2-hour insulin concentrations 
and with IR estimated from the homeostasis 
model, when adjusted for current weight and 
height [87]. Another US study examined the 
effects of low birth weight on components of the 
IR syndrome in 139 non-Hispanic white and 
African-American children aged 4–14 years and 
showed that low birth weight was significantly 
associated with increased fasting insulin concen-
trations and visceral fat mass only among 
African-American children [94]. However, early 
life growth was not measured, so the authors 
could not address the question of whether early 
life trajectory interacts with low birth weight in 
increasing measured or estimated IR during 
childhood. In the EPOCH Colorado study, chil-
dren (mean age 10.6 years) exposed to IUGR did 
have significantly higher subcutaneous abdomi-
nal adipose tissue as well as increased insulin 
resistance biomarkers including insulin, higher 
HOMA-IR, and lower adiponectin [6].

 Effects on Other Components 
of the Insulin Resistance Syndrome

Among adult diseases associated with fetal 
growth restriction, hypertension is the most 
extensively studied. Approximately 80 studies 
involving more than 444,000 subjects support 
the inverse relationship between low birth 
weight and higher systolic blood pressure in 
adults [97]. In youth, although the weight of the 
evidence seems to favor an inverse relationship, 

the data are not uniform [10, 11]. As with previ-
ously discussed outcomes, the vast majority of 
the data come from studies in Europeans and 
Asians. Among 17-year-old Israeli youth, no 
correlation was found between birth weight and 
blood pressure, but a positive correlation 
between blood pressure and body mass index at 
age 17 existed [98]. It was suggested, as with 
previously discussed outcomes, that current 
body size is a much more important determinant 
of blood pressure in children than size at birth 
[98, 99]. Data also suggested that race or gender 
may modify the association between birth 
weight and childhood blood pressure [100]. 
Very strong evidence for an association between 
intrauterine growth restraint and blood pressure 
in childhood comes from the ALSPAC study 
[101], which showed a graded inverse relation 
between birth weight and systolic (−1.91 mmHg/
kg, p < 0.0001) and diastolic (−1.42 mmHg/kg, 
p  <  0.0001) blood pressure among 3-year-old 
non-Hispanic white children, after adjustment 
for current BMI.  Although birth length, head 
circumference, and ponderal index at birth were 
also inversely related to blood pressure, these 
relationships disappeared after adjustment for 
birth weight. The strength of the association was 
not strongly influenced by maternal body size or 
by the children’s growth pattern in the first year 
of life. Similarly, a cohort of children (more 
than 90% non-Hispanic white) aged 5  years 
found that children with fetal growth restriction 
had different cardiac shape, stroke volume was 
reduced significantly, and higher blood pressure 
was found compared to normal controls [11]. 
However, a group of 39 all non-Hispanic white 
8-year-olds found that IUGR had no influence 
on blood pressure [10]. Hence the influence of 
IUGR on blood pressure during childhood is 
still not fully supported as the relationship is in 
large, adult cohorts [12].

The association of IUGR with dyslipidemia is 
less well established in adults and there are 
almost no data in children. Dyslipidemia is part 
of the metabolic syndrome, which seems to be 
more common in adults with low birth weight 
and may be at least partly a result of IR [102]. 
Increased BMI, central adiposity, IR, hyperten-
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sion, and dyslipidemia in childhood were shown 
to track during adulthood and predict later type 2 
DM and CVD [103].

 Intrauterine Growth Restraint 
and Insulin-Like Growth Factors

The mechanism(s) by which intrauterine growth 
restraint/postnatal catch-up growth predispose to 
chronic diseases later in life are also hypotheti-
cal. It has been suggested that various metabolic/
endocrine mechanisms in the fetus may respond 
to undernutrition to ensure fetal survival. The 
development of IR is consistent with growth 
restriction in response to poor placental nutri-
tion, and it may represent a mechanism to opti-
mize fetal survival [104]. IR may be exacerbated 
by postnatal catch-up growth, with its associated 
increased central fat deposition [83]. In this con-
text, the effects of insulin-like growth factors 
(IGFs) may be important. Both leptin and IGF-1 
measured in the umbilical cord positively corre-
late with birth weight [105]. The regulation of 
fetal IGF-1 is primarily influenced by placental 
glucose transfer, which regulates fetal insulin 
release. It has been hypothesized that, in the face 
of an intrauterine environment that cannot offer 
the fetus optimal conditions for growth, the fetus 
may respond by reducing IGF-1 production, in 
order to ensure survival [106]. It has also been 
shown that intrauterine growth restriction is 
associated with later resistance to insulin, IGF-1, 
and growth hormone [81]. Higher rates of post-
natal weight gain have also been related to lower 
satiety in low birth weight infants, as assessed by 
the volume of milk intake among bottle-fed 
infants [107], while in the ALSPAC population-
based study, leptin levels at birth were inversely 
related to rates of infant growth [108].

 Summary

It appears that increased risks for adiposity, 
insulin- resistance, and related metabolic conse-
quences occur among children born at both ends 
of the birth weight spectrum: generalized obesity 

with exposure to maternal hyperglycemia (also 
resulting in higher birth weight) and increased 
visceral adiposity and its metabolic conse-
quences at lower birth weights. Future research 
is needed to help disentangle the effects of 
selected fetal exposures on childhood risk for 
obesity and associated metabolic conditions and 
to understand whether these exposures have 
direct biological influences or whether they are 
mediated through later lifestyle choices. Such 
studies could ultimately lead to the development 
of strategies for early life prevention of future 
chronic disorders.
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Early Childhood Contributions 
to Insulin Resistance

David B. Dunger, Burak Salgin, and Ken K. Ong

 Introduction

It is more than 15 years since Barker and Hales 
first reported a relationship between size at birth 
and adult risk for the development of impaired 
glucose tolerance (IGT), type 2 diabetes (T2D), 
and cardiovascular disease (CVD) [1–3]. These 
observations have now been replicated in many 
populations and do not appear to be confounded 
by socioeconomic and environmental factors. 
However, the data have largely been gathered 
through the retrospective study of birth records 
and the pathophysiological mechanisms underly-
ing these associations remain unclear.

The association between low birth weight and 
increased risk for T2D, in particular, is often only 
evident after allowing for larger current body 
size, implying a dependence on the transition 
from smaller size at birth to overweight or obe-
sity in adulthood [4]. In the contemporary birth 
cohort of the Avon Longitudinal Study of Parents 
and Children (ALSPAC), smaller birth size fol-

lowed by rapid early postnatal weight gain was a 
risk factor for increased body fat mass and cen-
tral fat distribution at 5 years of age [5]. The link 
between T2D risk and the transition from smaller 
size at birth to larger childhood size has been 
attributed to the development of insulin resis-
tance [6–9]. Consistent with this, larger body 
mass index (BMI), increased waist circumfer-
ence, and insulin resistance in children aged 
8 years were predicted by more rapid weight gain 
in the first 3 postnatal years [10].

This chapter reviews what has been learnt 
about how pathways from smaller size at birth 
through rapid infancy weight gain lead to future 
disease risk.

 Size at Birth and Risk for Adult 
Disease

Over the last decade, the link between small size 
at birth and risk for disease in adulthood has been 
established from population-based studies, where 
archival birth records were traced and analyzed 
with respect to long-term outcomes. Low birth 
weight was associated with an increased risk for 
CVD [1, 11–14], T2D, and hypertension in adult 
life [3, 11, 15–21]. These associations are not 
confined to differences between the smallest and 
other infants, but a continuum of varying risk is 
observed throughout the whole range of birth 
weights. For example, the original studies in men 

D. B. Dunger (*) 
Department of Paediatrics, University of Cambridge, 
Cambridge, UK
e-mail: dbd25@cam.ac.uk 

B. Salgin 
Department of Paediatrics, The Rosie Hospital, 
Cambridge University Hospitals, Cambridge, UK 

K. K. Ong 
MRC Epidemiology Unit, Department of Paediatrics, 
University of Cambridge, Cambridge, UK

7

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-25057-7_7&domain=pdf
mailto:dbd25@cam.ac.uk


110

born in Hertfordshire between 1911 and 1930 
indicated that those with above-average birth 
weights had 24% lower standardized mortality 
rates from coronary heart disease compared to 
those with average birth weights [1]. In some 
populations, the association of birth weight and 
adult disease risk appears to be U-shaped, with 
babies born the heaviest also having increased 
long-term risk for disease [22, 23], perhaps 
reflecting the risk associated with maternal gesta-
tional diabetes [24]. Eriksson et  al. studied a 
large Finnish birth cohort and described size at 
birth and early postnatal growth patterns for 290 
adults with T2D [25]. Sixty-six percent of T2D 
subjects were born smaller than average, showed 
rapid weight gain during the first 2 years of life, 
and continued to gain weight rapidly. Thirty-four 
percent of T2D subjects had relatively large birth 
weights, possibly due to gestational diabetes, and 
demonstrated initial losses in weight and length 
centile position. However, from the age of 
2 years, these children gained in weight centile 
progressively and became obese.

Epidemiological studies indicate that size at 
birth may influence early weight gain, fat distri-
bution, and long-term risk for obesity. In a 
study of 300,000 19-year-old men exposed to 
the Dutch famine between 1944 and 1945 [26], 
there was a nearly twofold increase in obesity 
risk in those subjects whose mothers were 
exposed to famine during the first trimester of 
pregnancy. Gale et al. [27] showed that among 
70- to 75-year-old men studied by dual energy 
X-ray absorptiometry (DEXA), low birth 
weight was associated with reduced lean tissue 
mass and greater body fat relative to current 
weight. Thus, the predisposition to adult dis-
ease conferred by low birth weight may be 
related to excess fat deposition, particularly 
central fat, and hence the development of insu-
lin resistance. One study [28], using the gold 
standard hyperinsulinemic–euglycemic clamp 
assessment of insulin sensitivity in 70-year-old 
men, showed that the association between low 
birth weight and insulin resistance was seen 
largely in the highest BMI tertile group. It, 
therefore, appears to be the transition from rela-
tively low birth weight to larger postnatal body 

size that confers disease risk. Furthermore, 
with the increasing abundance of nutrition and 
rising rates of obesity even in childhood, such a 
transition may now be occurring at much 
younger ages [29, 30].

 Prenatal Exposures

Critical windows of prenatal and early postnatal 
life exposures proposed by Widdowson [31] 
appear to be important in determining the long- 
term disease risk. In humans, in addition to fetal 
genes, the maternal uterine environment is an 
important determinant of size at birth [5]. For 
example, the growth of firstborn babies appears 
to be restrained, as they are smaller at birth, and 
then show rapid postnatal catchup weight gain 
[32]. In these firstborns, birth weight correlations 
with maternal and grandmaternal birth weights 
are particularly strong [33, 34]. The nature of this 
maternal inheritance of birth weight is unclear. 
Associations between birth weight and common 
genetic variation in mitochondrial genes, which 
are inherited only from the mother, and imprinted 
genes, where only the maternal copy is expressed, 
have been described [35, 36]. More recently, 
attention has turned to epigenetic mechanisms 
whereby the maternal uterine environment could 
permanently alter methylation of the genome and 
therefore later gene expression [37]. Curiously, 
low birth weight in the mother is also associated 
with an increased risk of gestational diabetes in 
the offspring [38]. This observation illustrates the 
paradox of association between both low and 
high birth weights and increased risks for T2D. In 
the Cambridge Birth Cohort, mothers of firstborn 
babies had higher blood glucose levels than oth-
ers who were having their second or third baby 
[36], and it is possible that the mechanisms for 
maternal restraint of fetal growth could also, in 
genetically susceptible individuals, lead to gesta-
tional diabetes.

The mechanisms underlying programming of 
disease risk in utero are likely to be complex and 
probably involve an interaction between fetal 
genes and the maternal uterine environment. It is 
becoming clearer that these prenatal interactions 
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increase the subsequent risk for the development 
of obesity and insulin resistance, and therefore 
disease in adult life.

 Consequences of Intrauterine 
Growth Retardation

Prenatal growth restraint may influence patterns 
of postnatal weight gain and the subsequent risk 
for the development of obesity. In the ALSPAC 
cohort, about 25% of infants showed postnatal 
rapid catchup weight gain (they crossed centiles 
upwards over the first 6–12 months) and around 
25% exhibited catch-down in weight relative to 
their birth centile [5]. The remaining 50% of 
infants grew steadily along the weight centile on 
which they were born. It has been debated 
whether this realignment of growth patterns rep-
resents true “catchup” and “catch-down” growth. 
Observations in the ALSPAC cohort indicate that 
these postnatal growth patterns are clearly 
related to prenatal exposures on fetal growth 
such as parity, maternal smoking, and maternal 
birth weight, indicating that they may reflect 
reversal of the effects of restraint or enhance-
ment of fetal growth [5].

Catchup weight gain seems to be driven by 
satiety, as it can be predicted from cord blood 
leptin and ghrelin levels [39, 40], and is associ-
ated with increased levels of nutrient intake at 
age 4 months [41]. Catchup in height also occurs 
in these infants, but this is generally completed 
by the age of 6–12 months, and growth then con-
tinues along a centile appropriate for midparental 
height [42]. In contrast, the rapid weight gain 
may continue and, in the ALSPAC cohort, the 
early catchup group had the greatest BMI, per-
centage body fat, and fat mass at age 5  years 
when compared with the no-change or catch- 
down groups [5]. In addition, catchup infants had 
an increased waist circumference at 5  years, 
which may be critical with regard to future meta-
bolic risk.

The early excess weight gain in catchup 
infants from the ALSPAC cohort persisted up to 
the age of 8 years, and similar consequences of 
rapid weight gain in the first few months of life 

were seen in large cohort studies in the United 
States and Seychelles island group [43, 44]. In 
the Stockholm Weight Development Study, a 
faster weight gain observed during the first 
6 months of life predicted a greater percentage of 
body fat at age 17 years, independent of child-
hood weight gain, maternal size, and social fac-
tors [45]. Early weight gain may also influence 
the distribution of body fat. In the ALSPAC study 
[5], children who showed early postnatal catchup 
had the largest waist circumference at age 5 years. 
In other populations, the transition from low birth 
weight to normal or greater BMI during child-
hood has been associated with alterations in body 
composition and increased central fat deposition 
in children and adults [46–49]. In the National 
Health and Nutrition Examination Survey III, 
1988–1994 [50], children born small for gesta-
tional age showed reduced lean tissue and a 
higher percentage of body fat. Studies from 
Australia have also reported an association 
between low birth weight, higher current weight, 
and increased central fat deposition [51].

Thus, in contemporary populations, rela-
tively low birth size followed by rapid early 
postnatal weight gain appears to be a risk factor 
for later obesity and central fat deposition. Such 
an association could be influenced by feeding 
practice, and recent studies suggest that breast 
milk, the type of formula milk used, or other 
infant nutritional variations could influence not 
only obesity risk but also other cardiovascular 
risk factors [52, 53].

 Insulin Resistance

Central adiposity and accumulation of visceral 
fat, in particular, are important risk factors for the 
development of insulin resistance [51]. In a 
recent study of small for gestational age (SGA) 
versus appropriate for gestational age (AGA) 
infants, Ibanez et al. described that an accretion 
of excess central fat in SGA infants occurred as 
early as 2–4 years [54]. Garnett et al. showed that 
for each tertile of weight at 8 years, infants with 
low birth weight had the greatest percentage of 
abdominal fat [51]. In the ALSPAC cohort, Ong 

7 Early Childhood Contributions to Insulin Resistance



112

et al. observed that catchup infants were the most 
insulin resistant at age 8 years [10], and it was the 
overweight children with the lowest birth weight 
who were the most insulin resistant, but the effect 
of size at birth was only evident in those in the 
highest tertile of weight (Fig. 7.1).

Insulin resistance may develop during early 
postnatal life. In a recent case-controlled study in 
Chile, infants born SGA had lower insulin and 
glucose levels at age 48  h [55], which may be 
consistent with the finding of initially increased 
insulin sensitivity in animal models where there 
has been prior intrauterine growth retardation 
[56]. However, after postnatal catchup weight 
gain, these SGA infants had higher fasting insu-
lin levels at ages 1 and 3 years, indicative of insu-
lin resistance, even though they were still lighter 
than normal birth weight controls [57, 58].

Several studies have described insulin resis-
tance in children and adults with a history of low 
birth weight. In a large French study [59], 
20-year-old adults with birth weights below the 
third centile had higher fasting insulin and higher 
postoral glucose insulin levels compared with 
normal birth weight controls. In a subset of that 
study, SGA subjects had lower insulin-stimu-
lated glucose uptake and a lesser degree of free 
fatty acid suppression during the hyperinsulin-

emic–euglycemic clamp, findings that confirm 
relative insulin resistance, and these differences 
were not entirely explained by body size or body 
fat mass [60].

The association between low birth weight and 
subsequent insulin resistance has been com-
monly attributed to poor fetal growth, and gesta-
tional age has been considered a confounding 
rather than a contributing factor. However, this 
conclusion needs to be reconsidered in light of 
data from New Zealand, suggesting that prema-
ture babies also have higher postnatal insulin 
resistance, even when catchup weight gain has 
been slow [61]. A recent study from Finland 
showed that young adults born with very low 
birth weight (<1500 g) are more insulin resistant 
and have more impaired glucose tolerance than 
normal birth weight controls. Further analyses 
showed that low birth weight for gestational age 
had a greater impact on these long-term outcomes 
than simple prematurity alone [62]. Whether ges-
tational age itself is important or whether these 
observations simply reflect the fact that all pre-
term infants may have experienced relative 
growth retardation is yet to be determined.

 Risk for the Metabolic Syndrome 
and T2D

Contemporary birth cohorts have only limited 
follow-up data, and the exploration of links 
between size at birth and risk for CVD has 
depended on surrogate end points. Nevertheless, 
there are data to indicate that low birth weight 
followed by postnatal catchup growth leads to 
increased risk for dyslipidemia [63, 64], abnor-
malities in adipocytokine profile [65], and vascu-
lar reactivity [66]. These observations reflect the 
close link between CVD risk factors, obesity, and 
the development of insulin resistance [67].

Although insulin resistance is an important 
risk factor for T2D, insulin resistance per se only 
leads to diabetes if there is failure of beta cell 
compensation. The relationship between insulin 
resistance and insulin secretion is parabolic, and 
beta cell capacity is best described by the product 
of the two: the “disposition index” [68]. In 
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Fig. 7.1 Fasting insulin sensitivity (HOMA) at 8 years of 
age by tertiles of birth weight and current BMI. There was 
interaction between birth weight and current BMI on insu-
lin sensitivity at 8 years (p-interaction < 0.05), such that 
lower birth weight was related to lower insulin sensitivity 
only among children with the highest BMI at age 8 years 
(front row, p-trend = 0.006). (Reproduced with permission 
from Ong et al. [10])
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ALSPAC, the disposition index was assessed at 
age 8 years in over 800 children using a short oral 
glucose tolerance test with measurements of glu-
cose and insulin at 0 and 30 minutes, where insu-
lin secretion was estimated by calculating the 
insulinogenic index [69], and Homeostasis 
Model Assessment (HOMA) [70] gave an esti-
mate of insulin sensitivity. Lower disposition 
index was associated with lower ponderal index 
at birth, but not with the rate of postnatal weight 
gain [10]. It was also closely related to height, 
midparental height, and insulin-like growth fac-
tor- I (IGF-I) levels; the children showing the 
least gains in postnatal height and with the lowest 
IGF-I levels had the lowest disposition index 
[10]. Similar data have been reported from a 
Chilean cohort of SGA and AGA infants studied 
at a much earlier age [71]. The difference in 
height gain between children in the highest and 
lowest tertiles of insulin secretion adjusted for 
sensitivity and IGF-I levels at 8 years is striking. 
The children with relatively poor insulin secre-
tion aged 8  years show a pronounced loss in 
height standard deviation score (SDS) (Fig. 7.2) 
and reduced levels of IGF-I between ages 
6 months and 1 year. This is a critical period for 
determining height trajectory [31], which, in 
early infancy, is regulated by insulin and IGF-I 
[41, 72, 73].

Thus, following prenatal growth restraint, 
catchup growth driven by reduced satiety can 
lead to insulin resistance and visceral fat accumu-

lation, but height gain and IGF-I levels may be 
more important markers of beta cell mass and the 
subsequent risk for the development of T2D. In 
ALSPAC, children with the least height gain by 
8 years have the lowest insulin secretion, despite 
being relatively insulin sensitive. Indeed, the 
insulin sensitivity may be an adaptive response to 
poor insulin secretion. However, the children 
who probably give the greatest concern are those 
who remain short and fat, with the lowest insulin 
sensitivity. Although they showed compensatory 
hyperinsulinemia, their insulin secretion was less 
than that seen in the other subjects (unpublished). 
The same relationship between height, IGF-I lev-
els, insulin secretion, and risk for T2D has been 
observed in adults [74]. In adults with normal 
glucose tolerance, low IGF-I levels were associ-
ated with short stature and IGT and T2D risk 
[75]. Rapid weight gain, abdominal obesity, and 
the development of insulin resistance may be the 
environmental exposure, but prenatal environ-
mental, genetic, and epigenetic determinants of 
beta cell mass may be the most important deter-
minants of T2D risk.

 Conclusion

Understanding the mechanisms underlying 
links between size at birth, postnatal growth, 
and risk for T2D has important implications 
for public health. In countries such as India, 

Fig. 7.2 Height SDS 
from birth to age 8 years 
by extreme tertiles of 
insulin secretion 
adjusted for insulin 
sensitivity (disposition 
index). Data are mean 
±1 SE. □ = lowest 
tertile; ■ = highest 
tertile. Repeated 
measures analysis 
showed significant 
differences in height 
SDS over time 
(p = 0.03)
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where nutrition has recently improved, particu-
larly with population migration from rural to 
urban environments or emigration, babies born 
small are at high risk for developing T2D [76, 
77]. With regard to contemporary Western 
countries, the risks associated with low birth 
weight due to poor maternal nutrition during 
pregnancy are much lower [78–80], and con-
versely, the risks related to increasing rates of 
maternal obesity and gestational diabetes are 
of greater concern [24, 29, 30]. A recent study 
of women in Eastern Europe showed that an 
increase in maternal pregnancy weight gain is 
one of the first responses to socioeconomic 
improvement [81]. Data from the Pima Indians 
demonstrated that even borderline increases in 
maternal blood glucose levels during preg-
nancy may increase the risk of T2D in the off-
spring [82].

The complex interaction between the maternal 
uterine environment and fetal genes has evolved 
over many thousands of years to optimize mater-
nal and fetal survival [83, 84]. The recent changes 
in the nutritional status of mothers and offspring 
may not just be associated with obesity, but could 
also alter the balance of risk for adult disease 
such as T2D.
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Insulin Resistance in Puberty

Jennifer E. Sprague, Rachelle Gandica, 
and Megan Moriarty Kelsey

 Introduction

Puberty is a critical period of physiologic and 
neurobehavioral development, hallmarked by the 
transition to full reproductive potential. During 
this period, there is also a physiologic decrease in 
insulin sensitivity that recovers by early adult-
hood. This chapter will explore what is known 
about this pubertal change in insulin sensitivity 
and its potential impact on future health and 
disease.

 Introduction to Puberty

 Puberty Stages, Ages of Puberty

Puberty represents a period of increased linear 
growth, development of secondary sex character-
istics, and achievement of reproductive capacity. 

Pubertal development is commonly described 
using the stages of Tanner and Marshall who 
characterized sexual maturation in white, institu-
tionalized, British children in the 1950s [1, 2]. 
For both sexes, development progresses from 
prepubertal stage 1 (Tanner 1 [T1]) to adult stage 
5 (T5). The onset of puberty at T2 is identified by 
breast bud development (thelarche) in girls, typi-
cally between ages 8 and 13 years, with progres-
sion to menarche over 2–3 years [3–5]. In boys, 
genital and testicular enlargement is the first sign 
of puberty, typically between 9.5 and 14 years of 
age, with progression to adult development over 
the course of 3–5  years [6–8]. Development of 
pubic hair (pubarche) is similarly staged but 
should not be used to assess pubertal initiation, as 
it develops in response to increasing adrenal 
androgen secretion (adrenarche) [9].

It is well accepted that undernutrition results 
in growth and pubertal delay and that improving 
general nutrition has resulted in earlier pubertal 
onset in the mid-twentieth century compared to 
the nineteenth century [10, 11]. Recent studies 
support a continued trend toward earlier pubertal 
onset and menarche in girls over the last several 
decades. Data from the National Health and 
Nutrition Examination Survey III (NHANES III, 
1988–1994) demonstrate mean onset of breast 
development of 10.3 years in non-Hispanic white 
girls [12], while data from the Pediatric Research 
in Office Settings study (PROS, 1992–1993), 
which was specifically designed to assess 
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 pubertal development, suggests a slightly earlier 
onset of T2 breast development at 9.9 years [3]. 
The mean age for menarche in non-Hispanic 
white girls in NHANES was 12.6 years. Studies 
also demonstrate earlier onset of breast develop-
ment, pubic hair, and menarche (by approxi-
mately 6  months) in non-Hispanic black and 
Hispanic girls [3, 12]. This trend may, in part, be 
explained by the increasing prevalence of obe-
sity, as higher body mass index (BMI) is thought 
to lead to earlier onset of puberty in girls [13].

Trends toward earlier puberty are not as well 
established in boys. In NHANES III, pubertal 
onset occurred at a mean age of 10.1 years for 
white, 9.5  years for black, and 10.4  years for 
Latino boys [8]. PROS (2005–2010) reported the 
average age of T2 genital development as 
9.9  years for non-Hispanic white, 9.7 for non- 
Hispanic black, and 9.6 years for Hispanic boys 
[14]. Similar to the study in girls, the PROS study 
included younger boys than in other studies. At 
age 7, 15% of non-Hispanic white, 17% of non- 
Hispanic black, and 3% of Hispanic boys were 
reported to have T2 genital development.

 Normal Growth Patterns/Growth 
Hormone During Puberty

Prepubertal children grow at an average of 5–6 cm/
year. During puberty, height velocity increases, 
such that girls achieve peak height velocity in 
early puberty, though boys do not reach peak 
height velocity until later [15, 16]. Linear growth 
occurs in response to growth hormone and its 
downstream effector, insulin-like growth factor 1 
(IGF-1). Growth hormone secretion is pulsatile, 
with the highest amplitude pulses occurring in the 
early night in prepubertal children. Pulse ampli-
tude increases with onset of puberty and peaks at 
T3 breast development in girls and at T4 in boys, 
coinciding with the pubertal growth spurt in each 
sex [17, 18]. IGF-1 levels increase during puberty 
in both sexes with peak levels at T3  in girls and 
T4 in boys [19]. Sex steroids increase growth hor-
mone secretion and promote longitudinal bone 
growth, while estradiol is responsible for closure 
of the epiphyseal growth plates [20, 21].

 Reproductive Hormone Changes

During childhood, the hypothalamic-pituitary- 
gonadal (HPG) axis is actively inhibited. The 
onset of puberty is marked by increasing pulsa-
tile gonadotropin-releasing hormone (GnRH) 
secretion from the hypothalamus, resulting in 
increased pulsatile secretion of luteinizing hor-
mone (LH) and follicle-stimulating hormone 
(FSH) by the pituitary [22]. Initially LH pulses 
occur primarily during sleep, with clear diurnal 
rhythm [23, 24]. LH acts on the ovarian theca 
cells in girls and testicular Leydig cells in 
boys, resulting in production of androstenedi-
one and testosterone. FSH stimulates aroma-
tase in ovarian granulosa cells, leading to 
conversion of androgens to estradiol. In the 
testes, FSH stimulates gonadal growth and 
gametogenesis. Peak estradiol levels occur 
midday in girls, but peak testosterone levels 
are found in the early morning in boys. As 
puberty progresses, pulsatile LH secretion 
expands into the day, such that diurnal varia-
tion is lost in girls after menarche. With contin-
ued maturation, girls begin to have regular 
menstrual cycles. During the follicular phase, 
estradiol concentrations rise until reaching a 
threshold for positive feedback, resulting in the 
mid-cycle LH surge and ovulation [25]. 
Estradiol and progesterone levels are high dur-
ing the luteal phase but fall with involution of 
the corpus luteum, resulting in endometrial 
sloughing and menstrual flow.

As recognized since the 1970s, nutritional 
factors influence pubertal onset and normal 
function of the HPG axis, with need for girls to 
maintain a threshold weight for maintenance of 
regular menstrual cycles [26, 27]. Leptin, 
which is secreted by adipocytes, acts as a mea-
sure of energy (fat) reserve, increases with 
increasing adiposity [28], and permits HPG 
activation. Mutations in leptin or the leptin 
receptor result in pubertal delay due to hypo-
gonadotropic hypogonadism and treatment of 
patients with leptin deficiency and hypogonad-
otropic hypogonadism results in development 
of secondary sex characteristics and onset of 
menses [29–31].
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 Changes in Fat Distribution During 
Puberty

Body composition is similar in boys and girls at 
birth and fat increases during the first year of life 
[32]. During childhood, sexual dimorphism in 
body fat begins to emerge, with boys maintaining 
a stable percent body fat while girls increase 
theirs [33, 34]. With the onset of puberty, body 
composition and fat distribution further diverge; 
both sexes gain lean body mass but this is more 
pronounced in boys, who gain more muscle mass 
in the upper body [35]. However, girls gain more 
fat mass, resulting in higher percent body fat 
compared to boys. Fat accumulation in girls is 
largely subcutaneous and results in decreasing 
waist-to-hip ratios and gynecoid body shape [36]. 
By adulthood, men have greater intra-abdominal 
visceral fat than women [37].

 Patterns of Change in Insulin 
Sensitivity During Puberty

 Timing

A pubertal state of insulin resistance was first 
reported in 1986 in a cross-sectional study explor-
ing reasons for increased insulin requirements 

during adolescence in youth with type 1 diabetes 
[38]. In this study, 16 normal weight youth 
 without diabetes who were prepubertal (T1) or 
 pubertal (T2–5) were studied by high-dose 
 hyperinsulinemic-euglycemic clamp, and those in 
puberty were found to have 36% lower insulin 
sensitivity than prepubertal youth (Fig. 8.1). An 
adult comparison group from a previous study 
had insulin sensitivity similar to prepubertal 
youth. Since then, multiple cross-sectional [39–
46] and a small number of longitudinal studies 
[47–50] have confirmed a transient reduction in 
insulin sensitivity in normal-weight youth with-
out diabetes during puberty. The largest study to 
date involved 357 youth (80% non-Hispanic 
white, 20% non-Hispanic black) across stages of 
puberty who had measurement of insulin sensitiv-
ity by hyperinsulinemic-euglycemic clamp [42]. 
Results suggest a nadir in insulin sensitivity in 
mid-puberty and improvement in insulin sensitiv-
ity by T5. This trajectory of insulin sensitivity was 
confirmed by a relatively large (n  =  92) semi- 
longitudinal study of non-Hispanic black (n = 46) 
and non-Hispanic white (n = 46) US youth using 
intravenous glucose tolerance testing (IVGTT), in 
which insulin sensitivity reached a nadir in T3 and 
then increased again in both T4 and T5 [47]. Of 
note, while the mean body mass index in this 
study was in the normal weight range, the study 
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Fig. 8.1 Results from 
the original Amiel et al. 
study demonstrating 
reduced insulin 
sensitivity, measured by 
hyperinsulinemic- 
euglycemic clamp, in 
normal-weight youth 
during puberty 
compared to prepubertal 
youth and normal- 
weight adults (∗p < 0.01 
[38])
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did include obese participants. However, the 
effect of puberty remained even after adjustment 
for body fat. Only one study using a rigorous 
method for estimation of insulin sensitivity 
(IVGTT) has failed to find an effect of puberty on 
insulin sensitivity [51]. Little is known about 
when the full recovery to adult insulin sensitivity 
occurs; however, follow-up of the large study 
from Minnesota suggests that insulin sensitivity 
may not fully recover until several years after 
puberty has completed [52]. This finding was con-
firmed by the EarlyBird study, a large longitudinal 
cohort study of puberty in the United Kingdom 
[50]. Though EarlyBird uses a less rigorous esti-
mate of insulin sensitivity (homeostatic model 
assessment IR [HOMA-IR]), it includes data from 
270 youth who were followed from age 9 until 
16 years and suggests that insulin sensitivity does 
not yet recover by 16 years, despite the fact that 
the majority of girls and a proportion of boys have 
reached final height by that age.

 Sex Differences

Multiple studies suggest that insulin sensitivity is 
lower in girls than in boys during adolescence; 
however, the data are inconsistent, and other 
studies have found no sex differences. Results 
from the EarlyBird study suggest that insulin 
sensitivity begins to decline in both sexes prior to 
puberty but that girls have lower insulin sensitiv-
ity even in the early prepubertal years [53]. 
Longitudinal data from EarlyBird and the 
Minnesota study [54] suggest that the sex differ-
ences in insulin sensitivity may reverse later in 
adolescence, with boys showing a continuing 
decline in insulin sensitivity and girls starting to 
recover. These sex differences persist even after 
adjustment for sex differences in pubertal timing. 
Little is known about underlying reasons for 
these sex differences, although it is known that 
girls accumulate more fat mass and less lean 
mass during puberty and that physical activity 
declines in girls more than in boys during puberty 
(discussed later). There is also a possible role for 
sex steroids, but this has not yet been studied in 
relation to puberty.

 Racial and Ethnic Differences

Little is known about racial and ethnic variation 
in insulin sensitivity during puberty. Several of 
the larger cohort studies have included non- 
Hispanic black youths [42, 47], but Hispanic rep-
resentation is primarily limited to studies of 
obese youths only. In studies involving non- 
Hispanic black youths, it appears that pubertal 
insulin sensitivity is lower than in non-Hispanic 
whites, independent of BMI. The SOLAR study 
included longitudinal follow-up with measure-
ment of insulin sensitivity by IVGTT and sug-
gests that reduced insulin sensitivity in 
non-Hispanic black youths is compensated for by 
increased insulin secretion and/or reduced insulin 
clearance. While studies using hyperinsulinemic- 
euglycemic clamps confirm lower insulin sensi-
tivity in non-Hispanic black than in non-Hispanic 
white adolescents [55–57], one small study com-
paring prepubertal and pubertal non-Hispanic 
black youths (n  =  26) demonstrated that these 
youths failed to compensate for reduced insulin 
sensitivity with increased insulin secretion dur-
ing puberty [57]. However, while on average the 
youths studied appear to be normal weight, BMI 
percentiles or standard deviation scores were not 
included in the results, and it is unclear whether 
overweight or obesity was an exclusion criterion 
for the study; the presence of overweight/obese 
youth could significantly confound the results. 
Given the significantly increased risk of youth- 
onset type 2 diabetes in non-Hispanic black ado-
lescents, further studies are needed.

 Alterations in Fuel Metabolism 
During Puberty

Two groups have used sophisticated techniques, 
including graded-dose hyperinsulinemic- 
euglycemic clamps, stable isotope tracers, 
 indirect calorimetry, and hyperglycemic clamps, 
to compare basal and insulin-stimulated fuel 
metabolism between small numbers of pubertal 
and prepubertal youth and adults. These studies 
uniformly demonstrate that non-oxidative glu-
cose disposal is decreased in response to 
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high-dose insulin during puberty [40, 58, 59] 
and that skeletal muscle insulin resistance is the 
strongest contributor to pubertal insulin resis-
tance. Studies are conflicting, however, regard-
ing the effects of puberty on glucose oxidation. 
It does not appear that hepatic glucose output is 
altered in the fasted state in pubertal youth when 
compared with adults [40, 60]. Multiple groups 
have found that high-dose insulin-stimulated 
glucose disposal (insulin sensitivity) is inversely 
correlated with IGF-1 and/or 24-hour growth 
hormone concentrations during puberty [41, 49, 
61, 62], suggesting that peripheral insulin resis-
tance is mediated by the characteristic pubertal 
increases in growth hormone. These findings fit 
with the observation that growth hormone 
increases transiently during puberty and is 
known to result in decreased insulin sensitivity. 
In addition, hyperglycemic clamp studies have 
demonstrated that both first- and second-phase 
insulin response is increased during puberty; 
thus, adolescents are exposed to higher concen-
trations of insulin [49, 61]. Furthermore, Caprio 
et al. have demonstrated that insulin secretion is 
directly related to IGF-1 and that free IGF-1 is 
inversely related to IGF- binding protein 1 
(IGFBP1) [61]. Thus, suppression of IGF-BP1 
by insulin may further mobilize free IGF-1 to 
facilitate the rapid growth seen in puberty.

Using stable leucine tracer infusion, 
hyperinsulinemic- euglycemic clamp, and indi-
rect calorimetry, Caprio et al. also demonstrated 
that protein turnover is similar in normal-weight 
adolescents as in adults in both the basal and 
insulin-stimulated states [58]. However, the over-
all higher insulin concentrations seen in adoles-
cents favor anabolism.

There are conflicting data regarding lipid 
metabolism during puberty. Using glycerol trac-
ers, Robinson et al. showed that pubertal adoles-
cents (n = 7, age = 13.1 ± 0.4 years) had similar 
basal rates of lipolysis when compared to normal- 
weight adults (n  =  9, age  =  23.8  ±  1.2), both 
expressed for whole body and adjusted for fat 
mass [60]. The same group also demonstrated 
that suppression of lipolysis, as measured by 
glycerol turnover, was equally sensitive to insulin 
in normal-weight pubertal adolescents as in 

adults [60]. Hannon et al., in a study of 9 youths 
in prepuberty and during puberty, also found that 
fat mass-adjusted basal rates of lipolysis were not 
elevated in pubertal youth, but insulin suppres-
sion of lipolysis was not reported in this study 
[49]. In a cross-sectional study of prepubertal 
(n = 9, age = 10.6 ± 0.5 years) and pubertal (n = 9, 
age = 13.8 ± 0.4 years) youth and adults (n = 5, 
age = 21.9 ± 0.6 years), the same group demon-
strated that, although insulin suppression of 
lipolysis was similar in prepubertal and pubertal 
youth, insulin failed to suppress lipolysis as well 
during puberty when compared with adults [40]. 
There are multiple explanations for the contrast-
ing findings regarding pubertal insulin suppres-
sion of lipolysis, including the cross-sectional 
nature of the studies, small participant numbers, 
and the lack of correction for fat mass in the latter 
study. In terms of fat oxidation (as measured by 
indirect calorimetry), it does not appear to be 
affected during puberty when compared with pre-
pubertal youth [40], but is higher in pubertal 
youth than in adults when expressed per kg body 
weight [40] or per lean body mass [60]. Finally, 
data suggest that insulin suppression of fat oxida-
tion is impaired in pubertal youth when com-
pared with adults [40, 60]. Arslanian et  al. 
propose that increased fat oxidation is one of the 
potential mechanisms for pubertal insulin resis-
tance, particularly given that IGF-1 is associated 
with lipolysis and fat oxidation. However, larger 
longitudinal studies are needed to fully under-
stand how puberty alters fuel metabolism.

 Puberty and Pregnancy: Parallel 
Conditions?

There are interesting parallels between puberty 
and pregnancy (see Chap. 5): Both are periods of 
increased nutrient demand, hormonal change, 
including increased growth hormone and sex 
 steroids, and enhanced compensatory insulin 
response to decreases in insulin sensitivity. Both 
are times of increases in total cholesterol and 
increased risk for development of diabetes, 
although the risk for type 2 diabetes during 
puberty is limited to youth with obesity. 
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Physiologic studies are challenging to perform 
during puberty due to the fact that age limits inva-
siveness of procedures that can be performed, 
and, while procedures such as clamps, IV glu-
cose tolerance testing, and magnetic resonance 
imaging (MRI) are acceptable in youth, there are 
significant challenges to doing studies such as 
muscle and adipose biopsies, which allow more 
detailed analysis of metabolic changes at a tissue 
and cellular level. Moreover, animal models of 
puberty are lacking due to a lack of a parallel 
phenotype and due to an extremely shortened 
adolescence in most animals, in comparison with 
humans. However, parallels with pregnancy may 
lead to enhanced understanding of underlying 
physiology behind insulin resistance in puberty 
and may direct future study design.

Both puberty and pregnancy are associated 
with increases in growth hormone. In puberty, 
growth hormone is secreted by the pituitary and 
has direct physiologic effects in addition to 
causing increased IGF-1. In pregnancy, the pla-
centa provides the primary source of increased 
growth hormone in the form of human placental 
growth hormone (hPGH). hPGH is similar in 
structure to human pituitary growth hormone 
and has been shown to increase insulin resis-
tance in animal models, partly due to disruption 
of the phosphoinositol-3 kinase pathway in 
skeletal muscle tissue, leading to decreased 
translocation of the GLUT-4 receptor to the 
plasma membrane. A similar mechanism may 
cause the decreased peripheral insulin sensitiv-
ity in puberty, since disruption of the metabolic 
PI3-kinase insulin signaling pathway during 
puberty may promote upregulation of the mito-
genic insulin signaling pathway through MAP-
kinase during a period of rapid physiologic 
growth (Fig. 8.2a, b). Further studies are needed, 
either in a parallel primate model or using newer 
less invasive techniques, to further understand 
underlying cellular pathways contributing to 
peripheral pubertal insulin resistance.

As mentioned previously, puberty does not 
appear to be associated with increased basal 
lipolysis but may be associated with decreased 
ability of insulin to suppress lipolysis. Pregnancy 
is also associated with increased lipolysis and 

decreased insulin suppression of lipolysis. In 
pregnancy, the increase in lipolysis appears to 
be due to depletion of glycogen stores, mediated 
by increases in human placental lactogen. The 
lack of a parallel hormone of puberty may 
explain the lack of alteration in basal lipolysis. 
The increased lipogenesis in pregnancy during 
the first trimester is thought to be due to mild 
increases in insulin sensitivity, but parallel tran-
sient increases in insulin sensitivity are not seen 
during early puberty. Therefore, further research 
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is needed to understand these changes during 
puberty, particularly given that they may differ 
in girls and boys.

 Alterations in Cardiovascular 
Metabolic Markers During Puberty

Cardiovascular markers linked to insulin sensi-
tivity have been shown to be affected by puberty. 
We will review the impact of puberty in both girls 
and boys on blood pressure, lipids, leptin, and 
adiponectin.

High blood pressure is a well-known cardio-
vascular risk factor. Pediatric providers diagnose 
hypertension using blood pressure percentiles 
stratified by sex, age, and height. Blood pressure 
increases in both boys and girls as they progress 
through childhood, including during puberty 
[63]. In 2007, a longitudinal study of 507 school-
children ages 11–19 years was conducted to eval-
uate the effect of puberty on several cardiovascular 
risk factors [52]. Blood pressure was similar in 
both sexes at the onset of the study (age 11). 
Systolic blood pressure increased in both girls 
and boys during adolescence, but at a more accel-
erated rate in boys. Diastolic blood pressure also 
increased in both sexes, but there was no sex dif-
ference noted [52].

Pubertal effects on serum lipid levels also dif-
fer between sexes. These differences were first 
described in non-Hispanic white boys and girls 
enrolled in the Princeton Maturation Study in the 
late 1970s [64]. In this study, boys had reduc-
tions in total cholesterol (TC) and low-density 
lipoprotein (LDL) in Tanner stages 1 through 4, 
ending with a rise in both at Tanner stage 5. 
High-density lipoprotein (HDL) dropped in boys 
during mid- puberty (between Tanner stages 3 
and 4). In girls, TC tended to fall during Tanner 
stages 3 and 4, but then rise at the end of puberty. 
LDL cholesterol rose between Tanner stages 3 
and 4, whereas HDL showed a downward trend 
throughout puberty [64]. Since sexual develop-
ment appears to have a greater impact on choles-
terol than does chronological age, it is 
recommended that Tanner staging, not age, be 
used to assess lipid trends and determine lipid-

related cardiovascular risk [65–67]. Table  8.1 
shows cholesterol parameter trends in boys and 
girls in four publications over the past few 
decades [52, 64, 65, 68]. Unfortunately, most of 
the results shown are from cross-sectional analy-
ses. Not all studies performed Tanner staging, 
instead opting to evaluate changes over time by 
age. HDL has been shown to fall faster in non-
Hispanic black youth during puberty compared 
to their non-Hispanic white peers [52], but more 
studies are needed to evaluate the race/ethnicity 
trends of all lipid parameters.

Leptin is a hormone made in adipocytes that 
regulates appetite and body weight [69] through 

Table 8.1 Lipid parameter changes during puberty

Lipid 
measure

Morrison, 
1979 [64]

Porkka, 
1994 
[68]

Moran, 
2008 [52]

Altwaijri, 
2009 [65]

TC girls ↓ TS 3–4, 
↑ TS 5

↓ TS 
2–4, ↑ 
TS 5

↓ then ↑ 
between 
ages 
11–19

↓ TS 2–4, 
then↑ TS 
5

TC boys ↓ TS 2–4, 
↑ TS 5

↓ TS 
2–4, ↑ 
TS 5

↓ then ↑ 
between 
ages 
11–19

↓ TS 2–4, 
then ↑ TS 
5

LDL 
girls

↑ TS 3–4 ↓ TS 
2–4, ↑ 
TS 5

↓ then ↑ 
between 
ages 
11–19

Not 
examined

LDL 
boys

↓ TS 1–4, 
↑TS 5

↓ TS 
2–4, ↑ 
TS 5

↓ then ↑ 
between 
ages 
11–19

HDL 
girls

↓ TS 1–5 No 
change

↑ 
between 
ages 
11–19

Not 
examined

HDL 
boys

↓ TS 3–4 ↓ TS 
1–5

↓ 
between 
ages 
11–19

TG girls ↑ TS 1–5, 
not 4

No 
change

↓ 
between 
ages 
11–19

Not 
examined

TG boys ↑ TS 1–5, 
not 4

↑TS 1–5 ↑ 
between 
ages 
11–19

TC total cholesterol, LDL low-density lipoprotein, HDL 
high-density lipoprotein, TG triglycerides, TS Tanner 
stage
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effects on the hypothalamus to stimulate energy 
expenditure and suppress food intake [70]. Prior 
to puberty, serum leptin is similar in boys and 
girls, but differs between sexes during puberty 
[70–72]. The first study to establish normal 
leptin concentrations in healthy children and 
adolescents was published in 1997 [70]. Serum 
leptin in girls was overall higher than boys. In 
girls, leptin increases with the progression of 
puberty from Tanner stage 1 to 5. BMI was the 
main factor regulating serum leptin in girls [70]. 
In boys, leptin decreases with age, particularly 
from Tanner stage 3 through 5 (despite an 
increase in BMI during that time). Leptin in 
boys was affected by age, BMI, testosterone, 
and IGF- binding protein 2 (IGFBP2) [70]. In 
both sexes, leptin is directly related to fat mass 
and fasting insulin, but not to insulin sensitivity 
or resting energy expenditure [72]. However, 
other studies suggest that leptin is inversely 
associated with insulin sensitivity during 
puberty [43, 51, 72]. High leptin is also associ-
ated with abnormal vascular function and ath-
erosclerotic risk. This correlation appears to be 
independent of the typical metabolic and inflam-
matory markers of obesity (fat mass, blood pres-
sure, C-reactive protein [CRP], fasting insulin, 
and LDL cholesterol) [69].

Adiponectin is another hormone synthesized 
in adipocytes that has been shown to have 
 protective cardiovascular effect, in addition to 
insulin- sensitizing and anti-inflammatory actions 
[73, 74]. Unlike leptin, adiponectin does not 
increase with body fat mass in obese adults [74]. 
Normal adiponectin patterns in lean and obese 
children and adolescents were first described in 
2004. Across both sexes, adiponectin concentra-
tions negatively correlated with BMI, age, height, 
and IGF-1 [74]. Normal-weight prepubertal boys 
and girls had similar serum adiponectin. As 
puberty progressed, adiponectin in lean girls did 
not change, but fell in lean boys, particularly 
after Tanner stage 2 [74]. Testosterone has a neg-
ative effect on adiponectin in boys and this asso-
ciation proved even stronger than other factors, 
including BMI and age [73, 74]. Adiponectin 

concentrations in lean children and adolescents 
were significantly higher than their obese coun-
terparts, especially during and after puberty [73, 
74]. The high molecular weight (HMW) isoform 
of adiponectin, which has been shown to corre-
late well with insulin sensitivity, has different 
effects during puberty between sexes. In males, 
HMW adiponectin was noted to be lower in T1 
than in T5. There was no difference in females 
[73]. In girls, plasma adiponectin was inversely 
related to fasting insulin and HOMA-IR in mid-
puberty [63]. In boys, negative correlations were 
found only in late puberty. No correlations were 
found between adiponectin and β(beta)-cell func-
tion [63].

 Changes in Physical Activity During 
Puberty

While most youth experience a decline in phys-
ical activity during puberty, that decline is 
exaggerated in girls, particularly in minority 
girls. This decline in physical activity is partic-
ularly relevant in relation to type 2 diabetes, as 
obese minority girls are at the highest risk for 
development of diabetes during adolescence. 
The potential role of sedentary lifestyle in 
development of diabetes is demonstrated by a 
study comparing physical activity, as measured 
by gold standard accelerometry, in youth from 
the Treatment Options for Adolescents and 
Youth (TODAY) study with similarly obese 
adolescents in the National Health and Nutrition 
Examination Survey (NHANES) cohort. In this 
study, while moderate and vigorous activity 
was similarly low in both cohorts, the TODAY 
cohort was sedentary for a significantly greater 
proportion of time than obese adolescents in 
NHANES.

There are many potential psychosocial and 
biological factors contributing to the sex differ-
ences in decline in physical activity during 
puberty, including sex steroids, sex differences 
in fat accumulation, and neuromuscular adapta-
tions. While prepubertal girls and boys have 
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similar neuromuscular performance, there is a 
relative increase in neuromuscular function in 
boys during development that contributes to sig-
nificant sex differences in athletic ability as 
adults. In a cross-sectional study of healthy girls 
and boys (n  =  72) in prepuberty and early 
puberty, we found that girls were already less 
active than boys by T2, demonstrating that 
changes in physical activity in girls appear early 
in the pubertal transition. Furthermore, measures 
of muscle strength, including knee flexor and 
extensor strength, were predictive of physical 
activity (steps/day).

There is also literature suggesting that puberty 
may have differential effects on cardiorespiratory 
fitness in girls and boys, with girls showing 
greater declines in VO2max, an important compo-
nent of fitness, during puberty. It is well estab-
lished that low physical activity results in 
impairment of insulin sensitivity. Furthermore, 
training programs have been demonstrated to 
improve insulin sensitivity, in youth. However, 
recent paradigm-shifting research also suggests 
that reductions in insulin sensitivity may result in 
impaired VO2max. In one study of both obese ado-
lescents with and without diabetes and normal- 
weight controls of similar fat-free mass and 
physical activity, and controlling for BMI and 
physical activity, insulin sensitivity was the 
strongest predictor of VO2max. Further support of 
the hypothesis that insulin resistance negatively 
affects fitness comes from a placebo-controlled 
study of rosiglitazone, an insulin sensitizer, in 
adults with type 2 diabetes. In this study, 4 months 
of treatment with rosiglitazone resulted in signifi-
cantly improved VO2max when compared with the 
control group. Furthermore, this improvement in 
cardiorespiratory fitness was correlated with 
insulin sensitivity as measured by both HOMA-IR 
(r  =  −0.89, p  <  0.001) and hyperinsulinemic- 
euglycemic clamp (r = 0.68, p < 0.05). It is pos-
sible that reductions in insulin sensitivity during 
puberty in youth who are already obese and sed-
entary may also result in further reduction in car-
diorespiratory fitness, adding to the risk of 
obesity-associated comorbidities.

 Relationship of Puberty with Youth- 
Onset Type 2 Diabetes, Potential 
Impact of Obesity on Metabolic 
Change in Puberty

As might be expected, obese youth are more insu-
lin resistant than lean youth prior to pubertal onset, 
and insulin sensitivity is lower in obese youth than 
in lean youth in all pubertal stages [42, 75–78]. 
Several studies suggest that obese youth do not 
recover insulin sensitivity at the end of puberty 
[75, 76, 78, 79], which may have a negative impact 
on β(beta)-cell function during this time [78]. 
Furthermore, there is evidence that puberty nega-
tively impacts general metabolic health in obese 
youth [80–82]. This is best described in a 1-year 
longitudinal follow-up study of more than 1000 
obese youth that shows that puberty onset and fur-
ther weight gain are the two strongest predictors of 
transition from metabolically healthy to metaboli-
cally unhealthy obesity [81]. Understanding the 
relationships among obesity, insulin sensitivity, 
β(beta)-cell function, and forms of metabolic dys-
function during puberty is critical, as the incidence 
of youth- onset type 2 diabetes is associated with 
rapid β(beta)-cell decline [83–85] and its timing is 
tightly linked with puberty.

 Other Considerations

As noted, there are many challenges to studying 
physiology during puberty, including limited 
ability to perform invasive measurements in pedi-
atric participants, the variability in timing and 
duration of puberty among youth, the subjective 
nature of puberty staging, and the lack of a good 
parallel animal model. Many studies evaluating 
normal physiology of changes in insulin sensitiv-
ity in puberty and how this change may impact 
pathophysiology of various diseases lack precise 
staging of central puberty, particularly in boys; 
use less rigorous estimate of insulin sensitivity, 
such as the HOMA-IR; and are cross-sectional in 
nature. This leads to difficulty interpreting the 
data that are currently available.
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 Areas for Future Study

Due to the challenges noted previously, better 
models for studying puberty are needed. These 
include the use of accelerated longitudinal 
designs, in which youth are recruited in various 
stages of puberty and followed, and then the data 
are put together in an overlapping fashion to get a 
semi-longitudinal picture. Also, less invasive 
measures of metabolism, such as MR spectros-
copy, are increasingly available and are ideally 
suited for the pediatric population. Finally, more 
rigorous methods for staging puberty are needed, 
perhaps including overnight urine measurement 
of sex steroids and gonadotropins, which have 
been demonstrated to be sensitive markers of 
central precocious puberty [86] and of normal 
menstrual cycle variations in youth [87].

 Conclusion

In summary, puberty is a time of complex meta-
bolic and hormonal changes, which include a 
transient reduction in insulin sensitivity accom-
panied by compensatory insulin secretion. While 
these changes in insulin sensitivity likely play a 
critical role in the rapid linear growth and the 
transition to adult physiology, they may also 
potentiate risk for cardiometabolic disease in 
those youth who are at higher risk going into 
puberty.
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Adiposity Is the Enemy: Body 
Composition and Insulin 
Sensitivity

Shanlee M. Davis, Vanessa D. Sherk, 
and Janine Higgins

 Introduction

For decades, the link between increased body fat 
and insulin resistance has been recognized. So, 
why a whole chapter on a simple, well- established 
concept? Perhaps, because this topic is not as 
crystal clear as it appears at a first glance. It was 
once thought that declining insulin sensitivity 
was associated with age—the older you get, the 
more insulin resistant you become. However, 
since the advent of advanced imaging techniques 
in the 1980s and 1990s, it has become apparent 
that insulin resistance is actually associated with 
the increase in body fatness that occurs during 
aging, rather than aging per se. In addition, these 
imaging techniques have fueled the debate about 
which regional adipose depot—total body fat, 
subcutaneous fat, visceral fat, or deep subcutane-
ous fat—contributes most significantly to insulin 
resistance. This debate, in turn, has spurred inves-
tigation into the mechanisms behind the detri-
mental effect of body fat on insulin sensitivity. 

Finally, we are faced with the “chicken and the 
egg” scenario: Which comes first, increased adi-
posity or deteriorating insulin sensitivity? 
Superimposed on these issues is the confounding 
effect of the many different methods used to 
assess insulin sensitivity and body composition 
by different investigators. So, the goal of this 
chapter will be to unravel some of the literature 
dedicated to assessing the effect of body compo-
sition on insulin sensitivity and to track the effect 
of body fatness on insulin sensitivity through the 
human lifespan—from childhood precursors to 
adult disease. The focus will be on recent litera-
ture, with the data on childhood and adolescence 
taking prominence, as other texts have compre-
hensively reviewed the adult literature in the past. 
Hopefully, the data presented in this chapter will 
convince you that adiposity is a major contributor 
to insulin resistance throughout the lifespan.

 Assessment of Body Composition

Numerous methods are available to quantify adi-
posity by assessing body composition, each hav-
ing a dedicated purpose and its own usefulness in 
different settings (Table 9.1). All of these meth-
ods rely on models with assumptions of body 
composition that vary with age, race, and sex. 
The four-compartment model is the most rigor-
ous but also the most intensive, measuring three 
fat-free mass components, including total body 
water, protein content, and mineral content, and 
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subtracting from the total mass to obtain fat mass. 
The first of these components, total body water, 
can be measured by the deuterium dilution tech-
nique using an oral tracer and serial blood, urine, 
or serum analysis. Protein mass is very difficult 
to measure directly; however, an estimation of 
total body potassium can be obtained through 40K 
counting followed by equations accounting for 
the known nitrogen-to-potassium ratio and nitro-
gen content of protein. Finally, bone mineral con-
tent can be measured by DXA (dual-energy 
X-ray absorptiometry). Fat mass is then deter-
mined by total body mass minus the three com-
ponents that make up fat-free mass. Not 
surprisingly, four-compartment modeling is not 
feasible for the great majority of research studies 
and certainly not in clinical practice. Therefore, 
alternative methods are routinely used to estimate 
body composition.

 Dual-Energy X-Ray Absorptiometry 
(DXA)

DXA is currently recognized as the “gold stan-
dard” for assessment of body composition. DXA 
uses photons of two different energy levels that 
attenuate at different rates when passing through 
different tissue types, allowing for visualization 

and separate analysis of bone, muscle, and fat, 
facilitating estimation of total body fat, bone 
mass, and other nonfat mass (generally referred 
to as fat-free mass) using a three-compartment 
model [1]. This technique was originally time- 
consuming and relatively expensive but has 
become faster, cheaper, and widely available. 
Current generation DXA machines take less than 
5 minutes to conduct a whole-body scan. Thus, 
this technique is now suitable for children and 
other participants who have difficulty lying still 
for extended periods of time. There are methods 
to quantify location of adipose tissue as well, 
although this is less sensitive than other modali-
ties. DXA technology does use ionizing radiation 
to capture data and, although the radiation expo-
sure is regarded as minimal (much less than one 
chest X-ray), this is a consideration when using 
this method in populations who already receive a 
high radiation dose or in a study design requiring 
multiple, repeated measures.

 Underwater Weighing (UWW)

Underwater weighing (UWW) is one of the old-
est methods for calculating body composition. 
UWW works by measuring body mass and vol-
ume via water displacement to estimate a person’s 

Table 9.1 Summary of tools to measure body composition in pediatric cohorts

Method Pediatric ages Benefits Drawbacks
Dual-energy X-ray 
absorptiometry 
(DEXA)

0–18 years Three-compartment model; norms 
available; fairly accessible

Cost; availability; radiation exposure 
(minimal)

Air displacement 
plethysmography

0–6 months; 
~2–18 years

Very safe; excellent for following 
change in infants

Less feasible and accurate in 
toddlers; cost/availability

Skinfold thickness 0–18 yearsa Transportable; low cost; good for 
large studies; greater accuracy 
than BIA

Inter-observer variability; lower 
accuracy in obesity

Bioelectrical impedance 
analysis (BIA)

0–18 yearsa Transportable; low cost; good for 
large studies

Not reliable in conditions with water 
shifts (weight loss, dehydration, 
edema; pregnancy)

Computerized 
tomography (CT)

0–18 years Assessment of visceral and organ 
fat with high accuracy

Radiation exposure (particularly in 
pediatrics); cost; availability; 
variable methods

Magnetic resonance 
imaging (MRI)

0–18 years Assessment of visceral and organ 
fat with high accuracy; also can 
do total body composition

Time-consuming; cost; availability; 
variable methods. May require 
sedation for infants and young 
children

aLess reliable in infants
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total density and then deriving fat-free and fat 
mass through equations. This assumes that the 
fat-free mass components (water, protein, bone 
mineral content) are relatively constant for every 
person, which has been shown to not be true in 
many populations including children and certain 
health conditions. This technique requires a large 
sealed tank of water that must be maintained and 
is extremely stressful for the subject who must 
repeatedly hold their breath underwater for long 
periods of time. Therefore, UWW is too strenu-
ous to be utilized in many populations, including 
children or anyone with a physical impairment or 
breathing abnormality. Due to these limitations, 
UWW is rarely used.

 Air Displacement Plethysmography

Air displacement plethysmography relies on the 
same principles as UWW for estimating a per-
son’s total density, but instead of water displace-
ment, it measures air displacement from an 
enclosed chamber [2]. Outcome measures include 
fat mass, fat-free mass, and calculated percent 
body fat. There is no accommodation for local-
ization of fat. The assessment is fast, noninva-
sive, and does not expose subjects to radiation. 
There are now air displacement plethysmography 
systems to accommodate infants, children, and 
adults, and it is one of the best methods for 
assessing body composition in infants [3]. 
However, it is important to be aware that there are 
age gaps posed by using different machines at 
different ages, particularly between ~6  months 
and 2 years of age, limiting prospective assess-
ments. Also, the expense and maintenance do 
limit the availability of these systems largely to 
research centers. In addition, the overall size of 
the unit is problematic for those who fear con-
fined spaces and can limit the size of the person 
measured; very tall or obese people are difficult 
to accommodate in the plethysmography cham-
ber. While DXA and air displacement plethys-
mography are systematically different and not 
interchangeable, the measures correlate with one 
another and track changes in body composition 
over time similarly [4].

 Bioelectrical Impedance (BIA)

Bioelectrical impedance (BIA) is an alternative 
method that uses the electrical resistance and 
reactance between two sets of electrodes to cal-
culate body composition. BIA directly measures 
differences in body water, which are extrapolated 
to reflect differences in body composition. This 
tool has limited utility in situations that signifi-
cantly alter total body water, such as acute weight 
loss or pregnancy, limiting its usefulness as an 
assessment tool in intervention studies. Accuracy 
varies depending on the placement of the elec-
trodes (hand-foot, foot-foot, or hand-hand place-
ment), the measurement conditions (fasting, 
bladder emptying), the predictive equations used, 
and the characteristics of the population being 
assessed. While BIA has been shown to correlate 
reasonably well with DXA in lean adult popula-
tions, agreement is poor in pediatric populations 
with both over- or underestimation of body fat 
percentage and increasing discrepancy in more 
obese cohorts [5–12]. A systematic review of 
BIA in pediatric populations found mean differ-
ences in percent body fat between BIA and the 
gold standard to be −12.3% and 13.7% [13]. In 
general, multi-site skinfold thickness measure-
ments, which require no specialized electrical 
apparatus, are more accurate than BIA.

 Anthropometric Assessments

Body mass index (BMI), waist circumference, 
waist-to-hip ratio, height-to-weight ratio, and 
abdominal height are easily accessible and inex-
pensive measures that have a moderate agree-
ment with more robust measurements of total 
body (i.e., DXA) or regional adiposity. Although 
BMI is the most commonly used anthropometric 
outcome associated with disease risk, BMI is 
influenced by muscularity and provides no infor-
mation regarding fat distribution. In children 
8–19  years of age participating in the National 
Health and Nutrition Examination Survey 
(NHANES), BMI was correlated with body fat 
percentage, although the association was weaker 
than waist-to-hip ratio. Waist-to-hip ratio is a 
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good predictor of body fat percentage as mea-
sured by DXA [14]. Data from the Bogalusa 
Heart Study found that waist-to-hip ratio in chil-
dren was a better predictor of adult obesity and 
other cardiovascular risk factors than BMI alone 
[15]. All anthropometric measurements suffer 
from inter-user variability and differences due to 
the type and calibration of instruments used for 
the measurements. However, because anthropo-
metric assessments are inexpensive and relatively 
fast, they are commonly employed in large cross- 
sectional or multi-site studies where other meth-
ods are cost prohibitive.

 Skinfold Thickness

Skinfold thickness can be used to predict total 
body fat, as 70–90% of total adipose tissue is 
located subcutaneously. The skinfold values can 
be compared to grouped values or norms or can 
be incorporated into specific equations that pre-
dict body density, total body fat mass, and per-
cent body fat. Depending on the population, these 
equations can predict body fat with errors of 
3.5–5% when compared to a reference model. 
Once again, skinfold thickness has its limita-
tions—single-site measurements are not as accu-
rate or reproducible as multi-site measurements, 
there can be significant inter-observer error, and 
there is variability between types of calipers [16]. 
Although skinfolds can be conducted in any pedi-
atric population, results are more accurate in ado-
lescents and less reliable in infants (particularly 
neonates) and very obese children [17–19]. 
Skinfold thickness remains a common method of 
estimating body composition, particularly in 
large, cross-sectional studies or studies where the 
risk of radiation is deemed inappropriate.

 Regional Body Composition 
Assessments

As you will read later in this chapter, not all 
adipose tissue is alike. The location of adipose 

deposition matters in the overall contribution 
to cardiometabolic risk [20]. Therefore, we 
need methods of assessing visceral adiposity 
specifically. Whereas DXA and certain anthro-
pometric measurements (waist circumference 
and skinfolds) are able to estimate regional 
adiposity, computed tomography (CT) and 
magnetic resonance imaging (MRI) are the 
most accurate methods for quantifying visceral 
fat, especially for prospective studies looking 
for small changes. CT and MRI imaging are 
expensive and investigators are usually charged 
per single cross- sectional image (slice). So, 
many investigators estimate visceral fat using 
single-slice CT or MRI imaging at the umbili-
cus or between specific vertebrae (usually L4–
L5). Some estimate visceral adiposity using 
multiple slices at various specific sites and cal-
culate the average visceral fat area. While this 
method is the most accurate, it is also the most 
expensive and time-consuming. Expense and 
availability limit the application of CT and 
MRI in pediatric studies and differences in 
methodology limit the ability to compare data 
between studies.

This is a very protracted discussion of the 
estimation of body composition, meant to indi-
cate the complexity of assessing this variable 
and, therefore, the difficulty associated with 
interpreting the relevant literature. For a more 
comprehensive description of this topic, with a 
pediatric emphasis, see Brodie and Stewart [21]. 
In short, DXA is the most accurate measurement 
of total body composition, especially when look-
ing for small changes, with CT or MRI for 
regional adiposity assessment. However, it is 
common to see validated surrogate methods to 
estimate body fat, such as air displacement 
plethysmography, bioelectrical impedance, or 
anthropometric measurements in the literature, 
particularly for population studies or large, mul-
ticenter protocols. Importantly, absolute values 
of body composition measurements should not 
be compared between different methods, as the 
agreements between these different methods are 
generally poor.
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 Changes in Body Composition 
Throughout the Lifespan

The association between adiposity and insulin 
resistance can be appreciated at all ages. 
Generally, body fat increases with age, and, as 
fat mass increases, so does insulin resistance 
(Fig. 9.1). Individuals with higher body fat for a 
given age consistently have greater insulin resis-
tance. This relationship is so strong that body 
composition can be thought of as a surrogate 
measure of cardiometabolic risk.

 Infancy

Infancy is a time of significant fat accumulation 
and is also likely to be a critical period for life-
long metabolic programming. Rapid weight gain 
in infancy has been associated with increased 
adiposity and insulin resistance in childhood. 
Infants born small-for-gestational-age (SGA) are 
one population at a particularly high risk for 
rapid gain of adiposity during this critical period. 
Catch-up growth, whether in low birth weight 
infants or individuals who have regained after 
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Fig. 9.1 Representation of insulin resistance and total 
body fat (BF) throughout life. Over all stages of the life 
cycle, from birth to old age, insulin resistance (solid lines) 
and adiposity (dotted lines) exhibit parallel trends. The 
only exception is puberty, a time of profound insulin resis-
tance that does not directly correlate with the adiposity 
trajectory. Even during puberty, those adolescents with 
higher body fat (i.e., obese) are more insulin resistant than 
their lean peers and are more likely to develop the meta-
bolic syndrome as adults. Females are slightly more insu-

lin resistant and have a higher body fat percentage than 
males from early childhood through old age. The black 
dots represent the insulin resistance of low birth weight 
infants at various ages, which is always higher than their 
normal birth weight counterparts. The plum square indi-
cates the body fatness of low birth weight infants at old 
age. This higher percent body fat is associated with the 
increased insulin resistance represented by the corre-
sponding black dot
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weight loss, is primarily associated with a gain in 
fat mass without an equivalent gain in fat-free 
mass (i.e., muscle mass) in a manner that tracks 
throughout the lifespan. Compared to controls 
matched for age and weight, SGA children have 
greater total and visceral fat mass [22, 23]. 
Further, healthy, young adult males who were 
born SGA have higher body fat—in particular 
higher visceral fat mass—than age-matched con-
trols [24]. Similar findings were seen in elderly 
populations [25]. Importantly, this higher fat 
mass is associated with insulin resistance. Early 
catch-up growth (<3 years of age) in SGA cohorts 
is predictive of adult fat mass and can be corre-
lated with central adiposity and hyperinsulinemia 
in young adulthood [26–29]. Even lean children 
who experience a catch-up growth period exhibit 
hyperinsulinemia during this period of rapid 
weight gain [30, 31]. These data indicate that a 
period of rapid fat accumulation is associated 
with impaired insulin sensitivity. Despite this 
strong relationship, it is difficult to determine if it 
is insulin resistance that causes fat accumulation 
during catch-up growth or vice versa.

Although studies in SGA cohorts provide 
strong evidence for the correlation between low 
birth weight, catch-up growth, increased adipos-
ity, and insulin resistance, these data are not with-
out caveats. This group of infants has some form 
of in utero and/or ex utero growth retardation; 
therefore, the data from this population must also 
be interpreted with caution and may not be gener-
alizable to normal weight infants. In healthy chil-
dren, the literature on rapid adiposity gain in 
infancy is equivocal. Whereas some studies have 
found infant weight gain in the first 1–2 years of 
life is associated with childhood or adulthood 
adiposity [32, 33], other studies refute these find-
ings [34, 35]. One study compared glucose 
metabolism in adolescents who were either born 
SGA (n  =  30) or normal weight (n  =  57) [36]. 
Weight gain in the first 3 months of life was pre-
dictive of insulin resistance in the SGA cohort, 
but not the normal weight cohort. Therefore, the 
relative contribution of adiposity gain in infancy 
to lifelong metabolic dysfunction in normal birth 
weight infants does not prove to be as great as it 
is in SGA infants.

 Childhood

Childhood is a period of remarkable growth and 
development. There is a rapid growth rate for 
both height and weight in childhood, but insulin 
sensitivity remains high. Insulin sensitivity con-
tinues to inversely correlate with body fat per-
centage, however, even in early childhood. For 
example, in very young, healthy children 
between birth and 4 years of age, insulin resis-
tance is associated with higher z-scores for 
height and weight [37]. The same association 
can be found in older children, 8–13  years of 
age, where insulin sensitivity is negatively cor-
related with waist circumference [38]. In longi-
tudinal studies of pediatric cohorts, current 
whole-body adiposity (measured via BMI and 
skinfolds or DXA) was associated with insulin 
resistance [39] and with a clustering of meta-
bolic syndrome risk factors, including elevated 
blood pressure, fasting glucose, and triglycer-
ides, and low HDL cholesterol [40–42]. In girls, 
this higher metabolic syndrome risk (i.e., insu-
lin resistance) was also correlated with fat mass 
gain from 5 to 9 years of age [41]. Thin children 
who have rapid gain in weight in early school 
years have higher rates of type 2 diabetes and 
coronary heart diseases in adulthood than their 
peers [43]. Taken together, these studies show 
that there is a strong link between body fat and 
insulin sensitivity in childhood, and this is 
observed even in normal weight, healthy 
children.

In overweight and obese children, the cor-
relation of adiposity and insulin sensitivity 
appears to be even stronger. In 9- to 11-year-
old obese and lean boys and girls, insulin resis-
tance was positively correlated with total body 
fat and waist circumference [44]; 49% of the 
variance in insulin resistance could be 
explained by waist circumference and daily 
physical activity, although fitness was no lon-
ger correlated when accounting for total fat 
mass [44]. These data point to visceral fat as a 
major determinant of insulin sensitivity in this 
population, as has also been found in other 
childhood cohorts [45]. Also, in 9-year-old 
lean and obese children who snore, insulin sen-
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sitivity and dyslipidemia were not associated 
with sleep- disordered breathing or the degree 
of apnea, as expected, but were positively cor-
related with whole-body adiposity [46].

 Puberty and Adolescence

Puberty is a time of growth and increasing fat 
mass, particularly in females. Puberty is also a 
period of profound insulin resistance that amelio-
rates as the adolescent transitions to adulthood 
[47–49]. Insulin resistance increases in puberty 
regardless of whole-body adiposity; however, 
there is still a strong correlation between insulin 
resistance and adiposity at this time [49–53]. 
This relationship appears to be greater in over-
weight and obese adolescents. For example, in 
overweight Hispanic adolescents, the change in 
insulin sensitivity across puberty was abolished 
after adjusting for body composition, suggesting 
that the effect of puberty on insulin sensitivity is 
mediated by adiposity [54]. Furthermore, total 
body adiposity in adolescents is still strongly 
associated with other metabolic risk factors, 
including dyslipidemia and high blood pressure 
[55–57]. Visceral adiposity, in particular, appears 
to have the strongest correlation with insulin 
resistance in adolescents [51, 58, 59]. In addition 
to adiposity, growth hormone and sex steroids 
have both been implicated as probable mecha-
nisms by which insulin resistance increases in 
puberty [60].

Cross-sectional data using the gold standard 
hyperinsulinemic-euglycemic clamp to assess 
insulin sensitivity show a decline in insulin sensi-
tivity early in puberty, with a nadir at Tanner 3, 
which is about 20% lower than Tanner 1, and 
near recovery by Tanner 5 [53]. In healthy indi-
viduals, the dramatic decrease in insulin sensitiv-
ity during puberty is offset by an increase in 
insulin secretion, facilitating glucose homeosta-
sis [50]. However, in obese youth, puberty can 
precipitate loss of pancreatic β (beta)-cell com-
pensation and the onset of dysglycemia, includ-
ing type 2 diabetes [60]. In many obese children, 
insulin sensitivity does not recover at the end of 
puberty as it does in lean children. Among youth 

who have type 2 diabetes, who are highly insulin 
resistant and obese, adiposity is still correlated 
with lower insulin sensitivity, [61] giving greater 
credence to the fact that adiposity promotes insu-
lin resistance regardless of initial body weight or 
health status.

Taken together, data from lean and obese 
adolescents show that adiposity is associated 
with profound insulin resistance. Although insu-
lin resistance is a prominent feature of puberty, 
this state is enhanced with increasing adiposity, 
making adiposity the enemy, even during 
adolescence.

 Adulthood

The transient period of insulin resistance that 
occurs during puberty has normally ameliorated 
by adulthood. However, the transition from ado-
lescent to adult is often associated with a decrease 
in physical activity and subsequent fat accumula-
tion over many years. The rate of fat accumula-
tion increases in old age and, specifically in 
females, postmenopause. From the previous sec-
tions, it would be tempting to assume that remain-
ing lean during childhood and puberty would 
protect an adult from insulin resistance and the 
metabolic syndrome. However, weight gain dur-
ing adulthood can also lead to detrimental 
changes in insulin sensitivity and development of 
the metabolic syndrome (Fig. 9.1).

Many studies demonstrate the association 
between current, adult adiposity and decreased 
insulin sensitivity at various ages—demonstrat-
ing the rigorous nature of this relationship [62–
64]. In a study by Bryhni et al. [65], adult males 
were split into three groups: (1) elderly men, 
71–77 years of age; (2) young men, in their early 
30s matched to the elderly men for BMI and 
waist circumference; and (3) young men, in their 
early 30s with BMI and waist circumference that 
was average for age. This study unequivocally 
showed that insulin sensitivity is related to body 
fat not age, with the elderly and matched young 
groups having equivalent glucose disposal rates 
during a clamp, whereas glucose disposal in the 
average young males was higher (i.e., higher 
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insulin sensitivity) [65]. In sum, body fatness is 
associated with insulin resistance in adults; and 
weight gain through the years, whether the sub-
ject was lean or obese during childhood, is detri-
mental to insulin sensitivity.

 Sex Differences in Body Composition

Sex differences in body composition and insulin 
sensitivity exist throughout the lifespan. Boys 
have lower body fat that can be appreciated in 
infancy [66]. As young as age 4, there is evidence 
that this lower body fat in males is associated 
with greater insulin sensitivity [37, 67–69]. 
Starting around 6–8  years, girls start gaining 
more body fat than boys, and after puberty, these 
differences are exaggerated [69]. For a similar 
BMI, women have twice the body fat percentage 
as men. There are also sex differences in body fat 
distribution, where women have proportionally 
more extremity/subcutaneous fat compared to 
abdominal/visceral fat—sometimes referred to as 
“gynoid” versus “android” fat distribution [70]. 
Even in children, a high android-to-gynoid fat 
ratio is strongly associated with insulin resistance 
[71, 72].

 Racial and Ethnic Differences in Body 
Composition

In addition to sex differences, race and ethnic-
ity also play a large role in body composition. 
African American children were found to have 
26% less fat than Caucasian children, whereas 
Hispanic and Native American children have 
higher body fat than Caucasian children [73–
75]. These differences track through adult-
hood and are associated with the risk for 
metabolic syndrome and type 2 diabetes. 
South Asian adolescents 14–17  years of age 
have been reported to be more insulin resistant 
and have higher body fat (as estimated by 
DXA) and central adiposity (measured via 
waist-hip ratio) than white European adoles-
cents [76, 77].

 Adiposity Leads to Insulin 
Resistance: Mechanisms

Adipose tissue is not simply a depot for storing 
excess energy, but a complex endocrine organ 
playing a critical role in energy metabolism, 
immune function, and bone metabolism. Over 
the past decade, there has been great advance-
ment in our understanding of the mechanisms 
mediating the relationship between adiposity and 
insulin resistance; however, our knowledge is 
still evolving. There are multiple theories, none 
of which are mutually exclusive, for the mecha-
nisms underlying the development of insulin 
resistance in the context of increased adiposity. 
For a more in-depth review of the postulated 
mechanisms, see Castro et al. [78].

 Fat Sub-type

There is now abundant evidence to support the 
notion that visceral fat is the key factor relating 
adiposity to insulin resistance [79, 80]. While 
visceral fat does correlate with total body fat, 
around half of the variance in visceral adipose 
tissue mass in children is not explained by total 
body adiposity, and other variables, such as age, 
sex, ethnicity, physical activity, hormone concen-
trations, and genetics, clearly play a large role 
[20, 73, 81]. Studies have shown that visceral fat 
is associated with insulin resistance regardless of 
BMI, with little contribution from subcutaneous 
fat [64, 82, 83]. Furthermore, visceral fat is 
highly correlated with cardiovascular risk mark-
ers in children, including blood pressure, serum 
triglycerides and HDL, carotid artery intimal 
media thickness, inflammatory markers, and left 
ventricular mass [84, 85]. The data in adults is 
even stronger, consistently showing visceral adi-
posity is a stronger correlate of insulin resistance 
than total body fat [63, 64, 86–88].

So what makes visceral fat the enemy? Unique 
to visceral adipose tissue, free fatty acids (FFA) 
and cytokines produced by adipocytes are deliv-
ered directly to the liver via portal circulation and 
cause hepatic insulin resistance. For example, 
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circulating FFAs inhibit insulin clearance, 
 resulting in downregulation of insulin receptors 
and a decrease in insulin receptor signaling, 
resulting in tissue-specific insulin resistance [78, 
89]. Ectopic fat accumulation in peripheral tis-
sues (liver, muscle, pancreas, etc.) is more likely 
to occur in those with high visceral adipose tissue 
mass, resulting in  local exposure to adipocyte 
products, such as FFA, that induce insulin resis-
tance within the exposed tissues [90–92].

 Adipocyte Size

It has long been appreciated that hypertrophy of 
adipocytes is associated with insulin resistance in 
both lean and obese cohorts [93–96]. 
Hypertrophied adipocytes appear to be dysfunc-
tional, with greater secretion of FFA, altered 
secretion of adipokines, and increased macro-
phage infiltration [97–100]. In a study of 171 
healthy German children, insulin resistance was 
four  times higher in subjects with large adipo-
cytes compared to small adipocytes, and in a 
multivariate analysis, the insulin resistance by 
homeostatic model assessment (HOMA-IR) was 
most strongly affected by adipocyte size [101]. 
As visceral adipose tissue has lower capability to 
proliferate and differentiate than subcutaneous 
adipose tissue, expansion is primarily by hyper-
trophy to larger adipocytes [102–104], which 
could be another factor explaining the detrimen-
tal effect of visceral fat on insulin sensitivity.

In overweight males and females who lost 
10–14% of their initial body weight, weight loss 
decreased percent body fat, visceral fat, subcuta-
neous abdominal fat-cell size, and intrahepatic 
lipid content (assessed via magnetic resonance 
spectroscopy) [105]. Improvement in insulin sen-
sitivity most strongly correlated with fat-cell 
size, although this parameter was also linked 
with visceral and hepatic adiposity. So, large fat 
cells seem to increase insulin resistance, which 
can be ameliorated via weight loss that decreases 
adipocyte cell size. However, this study exam-
ined only subcutaneous abdominal adipocyte 
size, so it is impossible to generalize these find-

ings to other fat depots. Therefore, it would be 
useful in future studies to examine and compare 
adipocyte cell size from other fat depots, particu-
larly in obese subjects (e.g., gluteal, femoral, 
and, ideally, visceral adipose tissue depots). In 
the only study to assess the effects of weight loss 
on fat-cell size in different body depots, insulin 
sensitivity improved equally whether fat-cell size 
was reduced in abdominal or femoral fat [106], 
implying that adipocyte cell size, regardless of 
location, plays a role in the modulation of insulin 
sensitivity.

 Inflammation

One of the most prominent postulated mecha-
nisms for how adiposity causes insulin resis-
tance is through chronic inflammation. Many 
studies find an association between chronic 
low-grade systemic inflammation and insulin 
resistance. Macrophage infiltration into adi-
pose tissue occurs in obesity, even in young 
children [101]. Macrophages secrete pro-
inflammatory cytokines that then enter the cir-
culation, producing systemic inflammation 
[78, 107]. Indeed, tissue necrosis factor-alpha 
(TNF-α [alpha]), C-reactive protein (CRP), 
interleukin 6 (IL-6), plasminogen activator 
inhibitor-1 (PAI-I), and many other inflamma-
tory cytokines are found in higher concentra-
tions in obese than in lean individuals, and 
levels are highly correlated with insulin resis-
tance. In fact, TNF-α (alpha) infusion in 
healthy adults compromised insulin sensitivity 
within 2 hours [108].

Activation of inflammatory pathways, directly 
or indirectly, inhibits insulin signaling, ultimately 
resulting in insulin resistance. Increased inflam-
matory mediators from obesity can be seen in 
childhood [101]. In a study of obese adolescents, 
high visceral fat content was associated with 
higher macrophage infiltration, and this, in turn, 
was associated with an increase in expression of 
inflammation-related genes and a parallel 
decrease in expression of genes related to insulin 
sensitivity [109].
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 Hormones

Both leptin and adiponectin are hormones pro-
duced by and secreted from adipocytes, and obe-
sity alters their function. Circulating leptin levels 
directly reflect the amount of total body adipose 
tissue. In healthy individuals, activation of leptin 
receptors in the brain decreases appetite and 
increases activity of the sympathetic nervous sys-
tem, serving to both decrease energy intake and 
increase energy expenditure. Leptin receptors in 
adipose, hepatic, and muscle tissues stimulate 
pathways to increase glucose uptake and oxida-
tion. Paradoxically, in obese individuals, high 
leptin levels do not reduce appetite or increase 
metabolism. Instead, they seem to be less sensi-
tive to both endogenous and exogenous leptin—a 
phenomenon known as leptin resistance. Leptin 
deficiency and leptin resistance both contribute to 
insulin resistance, likely due to crosstalk between 
leptin and insulin intracellular signaling path-
ways [110]. Hyperleptinemia strongly correlates 
with insulin resistance, even in pediatric cohorts 
[111–113], and high leptin levels may predict 
poor cardiometabolic outcomes later in life [114, 
115]. In contrast to leptin, adiponectin concentra-
tions are not reflective of adipose tissue mass and 
instead are lower in children and adults with 
insulin resistance [116, 117]. A decline in adipo-
nectin levels precedes total body insulin resis-
tance, suggesting a causative relationship [118].

 Contribution of Bone

The “bone-fat-pancreas axis” is the concept of 
cross talk between bone and adipose tissue in 
energy metabolism. It is now known that bones, 
particularly osteoblasts, are insulin sensitive 
[119]. In the setting of obesity, osteoblasts 
become insulin resistant through many of the 
same mechanisms described above (local ele-
vated FFA, hyperinsulinemia, etc.). Insulin- 
resistant osteoblasts form less bone, but also 
produce less osteocalcin protein, which becomes 
activated by osteoclasts. Activated osteocalcin is 
now being recognized as a hormone that, in ani-
mal models, appears to be necessary for normal 

body composition and insulin secretion and sen-
sitivity. Activated osteocalcin directly acts on the 
pancreas to promote β (beta)-cell proliferation 
and increase insulin secretion in a feed-forward 
manner [120, 121]. In muscle and adipose tissue, 
osteocalcin increases genes that are important for 
insulin sensitivity and energy expenditure. In adi-
pose tissue, it decreases fat accumulation and 
increases expression of adiponectin, which exerts 
its own insulin-sensitizing effects on tissues. 
Numerous studies report low osteocalcin levels 
in insulin-resistant populations, including obese 
children, suggesting a disruption in the feedback 
between insulin and osteocalcin [122–126]. 
Adiposity is also negatively associated with bone 
density and bone strength in youth, likely due to 
fewer and/or poorer functioning osteoblasts 
needed for building healthy bone [127–129]. A 
current gap in knowledge relates to the time 
course of these relationships. Namely, it has yet 
to be determined whether slowed early bone 
development can predispose a person to increased 
adiposity and insulin resistance, or whether 
increased adiposity occurs prior to the decreased 
osteocalcin and resulting impairments in insulin 
secretion and sensitivity.

Our understanding of the mechanisms respon-
sible for the effects of adiposity on insulin resis-
tance is complex and continues to evolve. 
Additionally, the mechanisms that cause insulin 
resistance may not be equivalent to those that 
persist once insulin resistance is established/
maintained over the years. Better understanding 
of the pathophysiology underlying these relation-
ships, especially early in life, would be for devel-
opment of early childhood prevention and 
treatment efforts.

 Child Adiposity Is a Predictor 
of Adult Disease

Large retrospective and prospective trials have 
shown a strong link between childhood adiposity 
and the presence of the metabolic syndrome in 
later life. In a retrospective analysis of data from 
the United Kingdom, BMI at 2–14 years of age 
was negatively correlated with insulin sensitivity 
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in lean adults at age 71 [130]. In addition, child-
hood BMI is the strongest predictive factor for the 
clustering of metabolic syndrome risk factors in 
adulthood [131]. In prospective studies, visceral 
adiposity, measured using waist circumference, 
and elevated fasting triglycerides at age 9–10 years 
predict metabolic syndrome in 18- to 19-year-old 
black and white women [132]. Finally, the large 
epidemiological Bogalusa Heart Study showed 
that children with higher body fat (BMI and skin-
folds) exhibited increasing fasting glucose con-
centrations throughout adolescence, as well as 
greater adiposity, lower insulin sensitivity, and 
higher blood pressure as adults [133, 134].

The data directly linking early body composi-
tion to metabolic syndrome in adults is even more 
abundant in adolescents. Studies have shown that 
the composite metabolic risk factors present in 
15-year-old adolescents are also present in young 
adults at 26 years of age [135]. Adolescent BMI 
and fasting insulin concentration have been 
shown to be the strongest predictors of the clus-
tering of metabolic syndrome risk factors at 
adulthood [131]. Also, decreased cardiovascular 
health at 27 years of age was dependent on weight 
gain since age 13 [136]. As all of these factors are 
intrinsically linked with development of the met-
abolic syndrome, adolescent adiposity is a good 
predictor of adult insulin sensitivity and progres-
sion to the disease state.

Collectively, these data indicate that early adi-
posity is strongly associated with the development 
of insulin resistance, hypertension, and cardiovas-
cular disease in adulthood. Thus, the influence of 
childhood adiposity on these key risk factors and 
upon the development of metabolic syndrome per 
se indicates that the precursors of this chronic dis-
ease occur very early in life and can be accelerated 
by accumulation of body fat (Fig. 9.2). So, adipos-
ity is the enemy of insulin sensitivity from a very 
early age and can exacerbate the incidence of met-
abolic syndrome later in life. Thus, childhood adi-
posity is a key precursor to the metabolic syndrome 
in adults. Given these data, prevention strategies 
for the metabolic syndrome could include child-
hood interventions aimed at decreasing body 
weight and total adiposity.

 How Can We Alter Body 
Composition?

Given the strong association between adiposity 
and insulin sensitivity and the plausible mecha-
nisms by which adiposity may directly cause 
insulin resistance, it is important to understand 
which factors influencing body composition are 
modifiable. Interventions that reduce body fat 
should increase insulin sensitivity and improve 
metabolic health. Factors postulated to influence 

Insulin sensitivity

Clustering of Metabolic
syndrome risk factors  

Weight loss via lifestyle

Adiposity

Fitness

Surgical intervention
Weight gain

Obesity

Catch-up growth

Medications 

Fig. 9.2 Representation 
of the factors influencing 
whole-body adiposity 
and, henceforth, insulin 
sensitivity. Factors that 
increase adiposity act to 
decrease insulin 
sensitivity and are 
associated with the 
development of 
metabolic syndrome. 
The associations shown 
in this diagram apply 
through all stages of 
life—from childhood 
through adolescence and 
into adulthood
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body composition include weight change, exer-
cise, diet/nutrition, hormones, and medications 
(Fig.  9.2). Medications affecting body weight 
and composition are discussed in a separate 
chapter.

 Weight Change

It has been established in the adult literature that 
weight loss, physical activity, or a combination 
of these factors can positively alter body compo-
sition by decreasing total body fat mass, increas-
ing lean mass, and ultimately result in lower 
body fat percentage. Several recent studies have 
also demonstrated this in children [137, 138]. 
Weight loss or gain can also change the distribu-
tion of body fat. There are few studies that do not 
report a change in body composition with sig-
nificant fluctuations in weight, making weight 
change one of the most compelling ways to alter 
body composition.

Even better, weight loss leads to improved 
insulin sensitivity in both children and adults. In 
a sample of prepubertal obese boys and girls, sig-
nificant weight loss over 1  year was associated 
with an increase in insulin sensitivity as assessed 
by HOMA and quantitative insulin sensitivity 
check index (QUIKI) assessment [139, 140]. 
Conversely, children in the same cohort who 
gained weight over the one-year period suffered 
significant impairment of insulin sensitivity. In 
obese middle school children randomized to 
intensive lifestyle intervention for weight loss or 
regular physical education classes, the lifestyle 
group lost weight and decreased total and percent 
body fat and increased insulin sensitivity [141].

Modest weight loss (5–11% of initial body 
weight) leads to a significant improvement in 
insulin sensitivity in adults [87, 142–144]. In all 
cases, improvement in insulin sensitivity was 
associated with a decrease in total body fat but 
was even more strongly associated with visceral 
fat, as judged by MRI [63], abdominal height 
[87], or waist circumference [142]. In some 
cases, the relationship between weight loss, fat 
mass, and insulin sensitivity is confounded by the 
fact that insulin sensitivity is also affected by 

changes in fat-free mass that occur during weight 
loss [143]. However, the loss of body fat seems to 
be the strongest, single correlative factor and was 
associated with a 63% increase in insulin sensi-
tivity. In addition, it has been shown that, when 
comparing caloric restriction versus physical 
activity, there is no difference in the total amount 
of weight lost, fat lost, or change in insulin sensi-
tivity, regardless of the method used to achieve 
weight loss [144].

Although we have discussed weight loss 
through lifestyle interventions, bariatric surgery 
is becoming increasingly common, even in ado-
lescents. Bariatric surgery causes dramatic 
weight loss, with a majority (more than 75%) of 
lost weight consisting of fat [145]. In a study of 
weight-loss surgery in 242 adolescents, remis-
sion of pre-existing comorbidities at 3 years was 
high: 95% remission of diabetes, 76% remission 
of prediabetes, and 66% remission of dyslipid-
emia [146]. Although it is likely the enormous 
decrease in adiposity explains much of the 
decrease in insulin resistance, we must recognize 
that mechanisms beyond weight loss are also 
involved. A systematic review in adults con-
cluded insulin sensitivity improves by 33% 
within 2 weeks of bariatric surgery, often preced-
ing significant fat loss [147]. The effect of bariat-
ric surgery on insulin resistance outcomes in 
adolescents is sure to be a dominant area of 
research in the upcoming decade.

 Lifestyle Change

There is unequivocal evidence that diet and phys-
ical activity changes lead to weight and adiposity 
loss [148]. In children and adolescents, there are 
strong correlations between both diet and physi-
cal activity and metabolic health, as well as 
improvement in body composition and insulin 
sensitivity. In 8- to 10-year-old Danish children, 
physical activity (assessed using accelerometers) 
was independently and negatively associated 
with metabolic risk factors—notably adiposity 
and fasting insulin—which were used as surro-
gate measures of insulin sensitivity [149]. In chil-
dren, fitness is directly correlated with insulin 
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sensitivity, total body fat (DXA), and abdominal 
fat (CT) [150]. However, this relationship 
between fitness and insulin sensitivity was lost 
when body fatness was taken into account, indi-
cating that this relationship is, at least in part, 
mediated by adiposity. A 12-week lifestyle inter-
vention in 16-year-old obese adolescents caused 
a decrease in total percent body fat and an 
increase in fat-free mass. The decrease in percent 
body fat was associated with improved insulin 
sensitivity [151]. In a controlled trial, 44 obese 
adolescent girls were randomized to 1 of 3 isoca-
loric treatments, including aerobic exercise, 
resistance exercise, or no exercise for 3 months 
[152]. The aerobic exercise group had a signifi-
cant decrease in visceral adiposity (measured by 
MRI) and insulin resistance (measured by 
hyperinsulinemic- euglycemic clamp), providing 
robust evidence that exercise can alter body com-
position and insulin sensitivity in youth.

It has been known for many years that dietary 
intake can effect body composition and is a major 
contributor to obesity. Hypocaloric diets cause 
weight and fat loss. It appears that any dietary 
strategy that decreases adiposity is effective at 
improving insulin sensitivity. For example, a 
study assessing the effects of hypocaloric weight 
loss diets that were either high glycemic index or 
low glycemic index over 6 months reported that 
both groups lost similar amounts of body weight 
and showed similar improvements in insulin sen-
sitivity [153]. A longitudinal observational study 
of a birth cohort of more than 1000 children in 
the United Kingdom found poor diet quality at 1 
and 3 years of age was strongly associated with 
higher fat mass (by DXA), but not BMI, at 
6  years of age [154]. In children, a strategy to 
decrease the amount of food consumed away 
from home results in decreased body weight and 
adiposity, with overall diet quality, fiber, added 
sugars, and added fats responsible for observed 
body fat reductions [155].

Although some of the benefit of lifestyle 
change on insulin sensitivity can be attributed to 
reduced body fatness, there is also adiposity- 
independent effects on insulin sensitivity. It has 
been shown that a complete lifestyle interven-
tion in obese youth with metabolic syndrome 

caused a very modest decrease in body weight, 
with only slight amelioration of whole-body adi-
posity, but was associated with an increase in 
insulin sensitivity [156]. Likewise, a 16-week 
resistance training program in overweight ado-
lescent Latino males showed that training 
improved insulin sensitivity compared to the 
control group, independent of changes in fat 
mass or fat-free mass [157]. Utilizing a 12-week 
aerobic training program in obese girls increased 
fitness and improved insulin sensitivity, without 
any change in total body weight or percent body 
fat [158]. In adults, women with high cardiovas-
cular fitness, whether lean or obese, have only 
marginally different insulin sensitivity indices 
despite the obese women having twice as much 
body fat as lean women [159]. In short, lifestyle 
interventions have both adiposity-dependent and 
adiposity- independent effects on insulin sensi-
tivity. Regardless of whether the effects are 
mediated through reduced adiposity or not, life-
style changes have robust effects on insulin 
sensitivity.

 Hormones

Clinically, hormone deficiencies can alter body 
composition. Hypothyroidism, hypogonadism, 
and growth hormone deficiency all cause 
increased fat stores and decreased lean mass. 
Replacement of these hormones to normal con-
centrations improves body composition. Even 
without deficiencies, exogenous androgens and 
growth hormone can change body composition 
and are frequently abused to gain muscle mass 
and reduce adiposity. Sex steroids have a com-
plex relationship with body composition, with 
probable sex differences. For example, although 
testosterone in men decreases adipose tissue and 
builds muscle, high testosterone in women is 
often associated with increased adiposity and 
insulin resistance (polycystic ovarian syndrome). 
Likewise, estrogen seems to have benefits on 
body composition and cardioprotection in 
women, while this does not seem to be the case 
for men. In addition, adipose tissue plays a role in 
regulation of both growth hormone secretion and 
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sex steroid concentrations, so this relationship is 
intertwined [160].

Cortisol also alters body composition. Excess 
cortisol (or exogenous glucocorticoids such as 
prednisone) results in increased adiposity, par-
ticularly central adiposity, along with muscle 
wasting. Chronic, low-grade hypercortisolemia 
from physiological or psychological stress may 
induce adiposity [161] and, because adiposity 
itself is a stressor, may be a mechanism by which 
adiposity worsens and contributes to insulin 
resistance. There is a strong association among 
cortisol, obesity, and insulin resistance in multi-
ple cohorts. For example, obese adolescent girls 
have higher cortisol, and this is correlated with 
visceral adiposity and insulin resistance [162]. 
Whether hypercortisolemia is truly causative of 
obesity is plausible but difficult to prove.

Finally, there is emerging evidence that incre-
tin hormones, such as glucose-dependent insuli-
notropic polypeptide (GIP), play crucial roles in 
adipose metabolism. Manipulating the action of 
incretins is the target of several medications for 
type 2 diabetes and could be potential targets for 
changing body composition in other populations 
also.

 Summary: Adiposity Is the Enemy

There is a strong link between adiposity and insu-
lin sensitivity that shows that adiposity is, indeed, 
the enemy (Fig. 9.1). This relationship is appar-
ent even during the earliest years of life and per-
sists through the whole of childhood, adolescence, 
adulthood, and old age. In addition, it has been 
shown that body fatness from a young age influ-
ences the clustering of metabolic syndrome risk 
factors in adolescence and adulthood. The 
strength of this relationship throughout the lifes-
pan demonstrates that adiposity is a key influence 
on insulin sensitivity and development of the 
metabolic syndrome—from childhood precursor 
to adult disease. While adiposity, and, with it, 
insulin resistance, increases with age, the loss of 
body fat at any age improves insulin sensitivity. 
Given these data, prevention strategies for the 
metabolic syndrome should include childhood 

interventions aimed at decreasing adiposity. Of 
those interventions, physical activity has shown 
the most promise in the pediatric population and 
could be continued throughout the lifespan.
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 Introduction

The unabated rise in the prevalence of pediatric 
obesity represents a major health issue of the 
twenty-first century [1, 2]. In the United States, 
the most recent data from the National Health 
and Nutrition Examination Survey (NHANES) 
reported a mean prevalence of 17% in children 
and adolescents [2], being higher among youth 
aged 12–19 years (20.8%) [1]. Moreover, it has 
been reported that the increase in prevalence 
from 1999 to 2014 mainly depends on children 
aged 6–19 years, while the rate tends to be sta-
ble among children aged 2–5  years [2]. 
Economically, obesity is costly not only due to 
the direct medical costs of treating the large 
number of affected youth [3], but also for treat-
ing its indirect sequelae [4]. In fact, obese youth 
are more prone to develop impaired glucose tol-
erance [5], type 2 diabetes (T2D) [6], dyslipid-

emia [6], hypertension [6], and cardiovascular 
disease (CVD) in adulthood [7].

The pathogenic link between obesity and its 
related comorbidities is insulin resistance (IR) 
[8]. Insulin signaling is essential for glucose 
uptake in insulin-responsive organs, such as skel-
etal muscle and liver. The persistence over time 
of IR might impair β(beta)-cell function leading 
to hyperglycemia and finally to T2D [9]. Thus, 
the prevention of IR is a key point in the natural 
history of obesity-related sequelae.

Furthermore, a growing body of evidence 
has pointed out the existence of two different 
metabolic phenotypes among obese adults [10, 
11] and children [12, 13], also referred to as 
metabolically healthy and metabolically 
unhealthy obese (MHO and MUO, respec-
tively). The MHO phenotype is characterized 
by a relatively higher insulin sensitivity and 
lower prevalence of comorbidity than the MUO 
[10, 12]. Among the predictors of MHO, waist 
circumference is negatively associated with 
insulin sensitivity independent of obesity both 
in adults and in children [10, 12]. This evidence 
supports the hypothesis that body fat distribu-
tion, rather than total adiposity, is the major 
determinant of IR.

In this chapter, we review the evidence for the 
association between ectopic fat depots and 
obesity- related comorbidities in youth. Moreover, 
we describe the molecular pathways involved in 
the link between ectopic lipid accumulation and 
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IR.  Finally, we review the possible biological 
mechanisms that underlie ectopic fat deposition.

 Diagnostic Tools for Body Fat 
Distribution

The method by which fat deposition is assessed 
is crucial for the reliability of measurement. The 
growing evidence that body fat distribution 
rather than total adiposity per se plays a major 
role in IR has led to the development of noninva-
sive techniques for characterizing these depots 
(see Table 10.1).

 Anthropometry

Waist circumference measurement, waist-to-hip 
ratio, and waist-to-height ratio are easily accessible 
and cost-effective methods to assess visceral adi-
posity. Moreover, anthropometric measurements 
do not expose the patient to radiation. These mea-
surements have been reported to correlate with 
body mass index (BMI) and to be predictive of pre-
diabetes and other components of metabolic syn-
drome in children and adolescents [14, 15]. 
Nevertheless, anthropometric measurements have 

a low interindividual reproducibility and do not 
allow the clinicians to distinguish between fat and 
lean body mass, or to assess ectopic fat deposition.

 Bioimpedance

Bioelectrical impedance analysis (BIA) [16] 
allows distinction between fat and lean body 
mass. It is a cost-effective and easily accessible 
method and has a good reproducibility. It has 
been widely used for body composition analysis, 
but it is not useful for body fat distribution or 
ectopic fat deposition assessment [17]. Moreover, 
it has been shown to be less reliable than dual- 
energy X-ray absorptiometry (DEXA) for body 
fat composition analysis in obese youth [18].

 Dual-Energy X-Ray Absorptiometry

DEXA characterizes lean, fat, and bone mineral 
mass with high accuracy. It is more accurate than 
BIA and anthropometry for total body fat estima-
tion [17, 18] and has a good reliability. 
Nevertheless, it is unable to distinguish among 
the different fat depots and exposes the patient to 
a small amount of radiation [19].

Table 10.1 Diagnostic tools for body fat distribution

Method Fat depot Pros Cons
Anthropometry (waist 
circumference, waist-to- 
hip ratio, waist-to-height 
ratio)

Indirect measures of 
visceral adiposity and 
body fat distribution

Easily accessible, 
cost-effective, no 
radiation

Do not allow to characterize body fat 
composition and ectopic fat 
deposition, poor reproducibility

BIA Whole body 
composition

Easily accessible, 
cost-effective, no 
radiation

Does not detect ectopic fat depots, 
poor accuracy and specificity

DEXA Whole body 
composition and 
abdominal fat depot

Easily accessible, 
cost-effective, good 
accuracy in body 
composition

Does not distinguish between visceral 
and subcutaneous abdominal fat, 
small amount of radiations, lower 
accuracy in severe obese patients

US Liver fat content and 
subcutaneous fat

Easily accessible, 
cost-effective, no 
radiation

Poor reproducibility, poor accuracy in 
obese patients

MRI Whole body 
composition, ectopic 
fat deposition in all 
tissues

No radiations Expensive, time-consuming, not 
easily accessible

BIA bioelectrical impedance analysis, DEXA dual-energy X-ray absorptiometry, US ultrasound, MRI, magnetic reso-
nance imaging
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 Ultrasound

Ultrasound (US) is commonly used in clinical 
practice for screening of nonalcoholic fatty liver 
disease (NAFLD). This imaging tool is less 
expensive, noninvasive, and does not expose the 
patient to radiation. However, it is less reliable 
and accurate than magnetic resonance imaging 
(MRI) [20]. Moreover, it has been shown that US 
overestimates the presence of liver fat content in 
severely obese youth, while it has a good nega-
tive predictive value for the disease [21]. Thus, 
US should not be used for diagnosis and grading 
of NAFLD [20]. Moreover, the technique is not 
able to quantify visceral or skeletal muscle 
adiposity.

 Magnetic Resonance Imaging

MRI techniques use different resonance responses 
of the tissues to magnetic fields to characterize 
the fat content. It is the only nonradiation tech-
nique that allows quantification of total adipose 
tissue and its subdepots. It has been widely used 
in research for assessing visceral and subcutane-
ous adipose tissue [19]. Moreover, it has been 
shown to have a good accuracy in detecting liver 
fat content compared to liver histology in youth 
[20]. Additionally, with the proton magnetic 
spectroscopy (1H-MRS) technique, it is possible 
to evaluate ectopic fat deposition in muscle and 
liver. 1H-MRS is the only noninvasive technique 
that differentiates between the intramyocellular 
and extramyocellular lipid contents [19]. 
Nevertheless, the technique is expensive and 
time-consuming, so its use in clinical practice is 
limited.

 Visceral Fat Accumulation

Visceral adipose tissue (VAT) refers to intra- 
abdominal fat that surrounds internal organs and 
is deposited in greater and lesser omentum. 
Subcutaneous adipose tissue (SAT) is stored 
under the skin, and in the abdominal region the 
fascia superficialis separates the superficial layer 

from the deep layer of SAT. The deep layer has 
been more closely correlated with IR than super-
ficial SAT [22]. VAT and SAT differ in their biol-
ogy, and several studies have evaluated their role 
in determining obesity-related comorbidities and 
IR in both adults and children [23–30].

Findings from the Framingham Heart Study 
(FHS), a study based on a large cohort of the U.S. 
adults of European descent, have shown that VAT 
and SAT are differently correlated with metabolic 
risk factors, including dyslipidemia and hyper-
tension [31]. The authors also examined the asso-
ciation between abdominal SAT, VAT, and 
various measures of IR and found that both VAT 
and SAT were correlated with fasting insulin, 
proinsulin, and homeostasis model assessment 
(HOMA) [32]. However, VAT showed a stronger 
correlation with these metabolic parameters than 
SAT, especially among younger subjects [23]. 
Similarly, in the Jackson Heart Study [24] cohort 
of African Americans, VAT was a stronger corre-
late than SAT for most cardiometabolic risk fac-
tors independent of BMI [33]. Moreover, VAT 
was inversely correlated with serum adiponectin 
in African-American women, while SAT showed 
a positive correlation [24].

Similar findings have been reported for the 
pediatric population. Bennett et al. reported a sig-
nificantly higher prevalence of metabolic syn-
drome and IR in obese prepubertal children 
compared to lean prepubertal children. Notably, 
obese children showed a higher VAT and intrahe-
patic fat, and these two depots significantly cor-
related with the degree of IR, independent of 
BMI [34].

Several studies have proposed the ratio of VAT 
to SAT (VAT/SAT) as a better predictor of insulin 
resistance rather than total amount of VAT or 
overall adiposity [25–27]. The VAT/SAT ratio 
describes the proportion of visceral to 
 subcutaneous abdominal fat and defines the pro-
pensity to store the fat viscerally, thus it better 
characterizes the subject’s body fat distribution. 
Kaess et  al. have reported a direct correlation 
between high VAT/SAT ratio and higher preva-
lence of cardiometabolic risk factors in a group 
of adults [25]. Subjects with a high VAT/SAT 
ratio showed higher prevalence of dyslipidemia, 
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elevated systolic and diastolic blood pressure, 
and IR independently from total VAT [25]. 
Moreover, Gastaldelli et al. found that VAT/SAT 
was inversely correlated with β-cell function 
assessed by a 3-hour oral glucose tolerance test 
(OGTT) [26]. In this cohort of nondiabetic adults, 
the VAT/SAT ratio was directly correlated with 
fasting insulin and insulin secretion rates, sug-
gesting a higher hormone release both in basal 
and stimulated conditions [26]. Similarly, in a 
population of 36 adult males with T2D, high 
VAT/SAT ratios were associated with a reduced 
suppression of endogenous glucose production 
during euglycemic hyperinsulinemic clamp [27]. 
These studies support the hypothesis that high 
VAT/SAT is an important risk factor for adverse 
cardiometabolic profile. Recently, Gyllenhammer 
and colleagues reported that, in a cohort of 
Hispanic youth, changes in visceral fat and intra-
hepatic fat content were negatively correlated 
with β-cell function and features of IR over 
2 years of follow-up. Conversely, changes in SAT 
were positively correlated with improvement of 
β-cell function in obese youth [30]. Moreover, 
Cali et al. reported that an increased relative pro-
portion of VAT to SAT (VAT/[VAT+SAT]) in 
obese children and adolescents was associated 
with higher hepatic fat content and IR and lower 
high-density lipoprotein (HDL) [29]. Additionally, 
the authors observed that with increasing degrees 
of the relative proportion of VAT, there was a sig-
nificant increased risk for metabolic syndrome 
[29]. Similarly, Taksali et al. enrolled 118 obese 
adolescents who were stratified into tertiles 
according to VAT/(VAT+SAT) distribution [28]. 
They observed that, as the relative proportion of 
VAT to SAT increased, insulin sensitivity was 
reduced independently of total adiposity. 
Additionally, serum adiponectin and leptin 
showed a different profile in the three tertile 
groups; in fact, the obese adolescents belonging to 
the third VAT/(VAT+SAT) tertile group showed 
lower adiponectin and total leptin levels com-
pared to adolescents in the first tertile. The higher 
risk of showing metabolic syndrome was con-
firmed in this study [28]. These findings suggest 
that expandability of SAT instead of VAT exerts a 
protective action against IR in obese adolescents. 

Indeed, the same group reported that adolescents 
with a high VAT/(VAT+SAT) ratio showed 
impaired adipogenesis/lipogenesis and a lower 
quantity of large adipocytes [35]. Along with the 
insulin-resistant phenotype that characterizes the 
high ratio group, the in  vivo analyses showed 
impaired expression of genes involved in the reg-
ulation of insulin signaling and de novo lipogen-
esis. Thus, it might be suggested that this inability 
to store fat in the subcutaneous depot enhances 
the flux of free fatty acids (FFA) toward ectopic 
tissues, such as VAT, liver, and muscle. The key 
differences that characterize the two distinct 
endophenotypes in the obese adolescents with a 
high or a low VAT/(VAT+SAT) are illustrated in 
Fig. 10.1.

The endocrine function of adipose tissue has 
been well recognized [36]. Adipocytes actively 
secrete several hormones that influence whole 
body insulin sensitivity, for example, leptin, adi-
ponectin, resistin, interleukin 6 (IL-6), and plas-
minogen activator inhibitor 1 (PAI-1) [36]. Leptin 
is secreted in direct proportion to adipocyte mass. 
SAT is a relatively higher source of leptin. This 
hormone acts as a peripheral sensor for energy 
storage, thus in the case of adipose tissue hyper-
trophy, leptin induces satiety and enhances energy 
expenditure. Moreover, it has been shown to 
induce lipid β oxidation in liver and pancreas; 
thus, it is a protective hormone against 
IR. Nevertheless, it has been shown that essential 
obesity is characterized by leptin resistance [36]. 
Conversely, adiponectin is paradoxically reduced 
in obese subjects. Adiponectin is an adipocyte- 
derived hormone whose receptors are highly 
expressed in skeletal muscle and liver [36]. 
Adiponectin has been shown to reduce inflamma-
tion and IR. In particular, its signaling in the liver 
is associated with increased fatty acid oxidation, 
reduced FFA influx, and suppression of hepatic 
glucose production. In skeletal muscle, adiponec-
tin activates fatty acid oxidation and glucose 
uptake. Moreover, it has been shown to counteract 
atherogenesis through several mechanisms: lower 
macrophage activation, lower proliferation, and 
migration of smooth muscle cells, and increased 
nitric oxide production [36]. The typical obesity-
related adipose tissue hypertrophy alters the 
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secretion pattern of these hormones leading to 
IR.  VAT and SAT show different secretion pat-
terns, possibly explaining why they exert different 
effects on IR [37]. VAT is more negatively associ-
ated with adiponectin levels than SAT and more 
positively associated with proinflammatory cyto-
kine secretion. Altogether, these differences might 
account for a stronger association of VAT with IR.

Another possible link between adipose tissue 
and IR is impaired FFA metabolism. It is known 
that both SAT and VAT release FFA into the circu-
lation, and elevated levels of FFA have been asso-
ciated with IR [38]. Physiologically, adipose 
protects other tissues from FFA accumulation 
after daily lipid intake. Postprandial lipids reach 
adipose tissues where lipoprotein lipase (LPL) 
converts them into FFA that usually are stored in 
adipocytes and reconverted into triglycerides. In 

hypertrophic adipose tissue, adipocytes are unable 
to store and reconvert FFA, leading to an increased 
flux of FFA into the systemic circulation [38]. 
Elevated FFA levels have several adverse meta-
bolic effects, including inhibition of insulin-stim-
ulated glucose uptake, glycogen synthesis, and 
glucose oxidation [38]. VAT and SAT show a dif-
ferent pattern of FFA metabolism. Visceral fat 
cells have a more pronounced lipolytic activity 
than subcutaneous fat cells and are less sensitive 
to the antilipolytic and fatty acid re- esterification 
effects of insulin [39]. This phenomenon might 
further enhance FFA secretion in subjects that 
tend to store fat viscerally. Furthermore, the circu-
lation of visceral fat depots leads directly into the 
portal vein, resulting in greater FFA delivery to 
the liver in viscerally obese individuals and to 
increased hepatic insulin resistance.

Fig. 10.1 Major differences between the two phenotypes 
of low and high VAT/SAT ratio in obese adolescents. Low 
VAT/SAT ratio is associated with lower ectopic fat deposi-
tion, lower homogeneity of adipocytes’ size, higher 

expression of lipogenic genes, and lower adipose tissue 
inflammation compared to the high VAT/SAT ratio pheno-
type. Abbreviations: VAT visceral adipose tissue, SAT 
subcutaneous adipose tissue, IMCL intramyocellular lipid
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 Hepatic Fat Deposition

Several studies support the association between 
intrahepatic lipid content (HFF%) and metabolic 
derangement in children and adolescents [40–
43]. The first evidence came from the comparison 
between obese children with nonalcoholic fatty 
liver disease (NAFLD) and obese children with-
out NAFLD. The presence of a 5% fat infiltration 
in hepatocytes at biopsy defines fatty liver dis-
ease [44]. In 2005, Szczepaniak et  al. assessed 
intrahepatic fat content on 345 subjects without 
any risk factors for NAFLD to characterize the 
distribution of liver fat infiltration in healthy sub-
jects [45]. Since then, it has been established that 
HFF% ≥5.5% is the threshold to define NAFLD 
by MRI [45]. NAFLD is the most common 
chronic liver disease in Western countries in 
adults and children and is associated with higher 
risk of end-stage liver disease and mortality [46]. 
However, it is also associated with other nonhe-
patic comorbidities. In fact, obese children and 
adolescents with fatty liver show a more pro-
nounced proatherogenic lipid profile, character-
ized by low high-density lipoproteins, high small 
dense low-density lipoprotein, and large very 
low-density lipoprotein [40, 41]. Moreover, 
increased serum alanine transaminase, a surro-
gate of NAFLD, has been associated with T2D in 
children and adolescents [47], since NAFLD has 
been reported to be the hepatic manifestation of 
IR [16]. Whether NAFLD is a cause or a conse-
quence of IR is still unclear. However, the asso-
ciation between HFF% and hyperglycemia is 
already present in the early stage of the disease. 
Cali et  al. reported that obese youth with high 
HFF% showed higher rates of prediabetes, that 
is, impaired glucose tolerance (IGT) and/or 
impaired fasting glucose (IFG) [42]. In this 
cohort, the HFF% was inversely correlated with 
whole body insulin sensitivity and serum adipo-
nectin, independent of the degree of obesity. 
Moreover, the authors observed a parallel rise in 
metabolic syndrome rates with the increase of 
HFF% [29]. Similarly, Toledo and coworkers 
reported that obese adolescents with IGT showed 
significantly higher HFF% than normoglycemic 
obese adolescents [43]. Furthermore, the HFF% 

was predictive of IGT independent of total adi-
posity and VAT in Latino adolescents, but not in 
African Americans [43]. The influence of fatty 
liver on IR seems to start during the early stages 
of life. In fact, IR and fasting insulin have been 
positively associated with intrahepatic fat content 
and intramyocellular lipid content in prepubertal 
children [48]. Fatty liver infiltration is associated 
with lower whole body insulin sensitivity as well 
as higher hepatic insulin resistance. D’Adamo 
et al. have reported that obese children with high 
and low HFF% showed a similar hepatic glucose 
production suppression in the basal condition, 
while children with high HFF% had impaired 
suppression after a low-dose insulin infusion 
compared to obese adolescents with low HFF% 
[49]. It should be emphasized that the two groups 
did not differ in VAT or intramyocellular (IMCL) 
fat content, thus the author concluded that hepatic 
steatosis exerts an independent effect on IR [49]. 
The NAFLD phenotype tends to be stable over 
time and to affect future metabolic outcomes in 
youth. In a group of 76 obese children and ado-
lescents who were longitudinally followed for an 
average of 2 years, the baseline HFF% was pre-
dictive of the presence of NAFLD at follow-up. 
Moreover, baseline hepatic fat content was 
strongly predictive of impaired insulin sensitiv-
ity, 2-hour glucose levels, adiponectin levels, and 
β-cell function at follow-up [50].

Altogether, these data strongly suggest that 
hepatic steatosis plays a key role in the develop-
ment of local IR—probably impairing intracellu-
lar insulin signaling. Insulin signaling starts with 
the activation of the insulin receptor tyrosine 
kinase that phosphorylates the insulin receptor 
substrate 1 (IRS-1). Then, IRS-1 starts a kinase 
cascade that transmits the insulin signal, culmi-
nating in activation of glycogen synthesis and 
suppression of glucose production [51]. Tyrosine 
phosphorylation of IRS-1 is critical for its activ-
ity. In mice, high intracellular lipid content has 
been associated with increased hepatic diacylg-
lycerol (DAG) levels. Hepatic DAG activates the 
epsilon form of protein kinase C (PKCε) that 
leads to serine–threonine phosphorylation of 
IRS-1 and IRS-2, ultimately inhibiting them [52]. 
The role of PKCε in hepatic IR has been further 
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validated in a knockout mice model. In this 
model, high-fat-fed knockout mice showed no 
impaired hepatic insulin activity despite similar 
intrahepatic lipid content as control and knock-
down PKCε mice [53] (see Fig. 10.2).

Additionally, it has been shown that in insulin- 
resistant subjects, hyperinsulinemia depends 
both on higher secretion and reduced hepatic 
clearance [54]. Hepatic insulin extraction 
accounts for a reduction of approximately 50% 
of pancreatic insulin, thus leading to a substantial 
increase of plasma insulin levels. Animal models 
have shown that infusion of physiological FFA 
concentrations leads to a decline of insulin clear-
ance in the liver [55]. Probably, FFAs interfere 
with insulin receptor activity, leading to a reduced 
receptor turnover and impairment of its signaling 
via PKC. These mechanisms result in low-insulin 
binding and internalization in the liver [56].

In conclusion, hepatic steatosis plays a key 
role in the development of local IR by way of 
intracellular impairment of insulin signal trans-
duction pathways and a compensatory hyperinsu-
linemia that may lead to eventual β-cell stress and 
demise and ultimately to T2D.

 Intramyocellular Fat Deposition

The first evidence supporting a relationship 
between intramyocellular lipid (IMCL) and IR 
was provided by Falholt et  al. who found 
increased triglyceride content in skeletal muscle 
in normoglycemic, hyperinsulinemic dogs with 
low plasma triglycerides [57]. In 1991, Storlien 
et  al. reported that high triglyceride content in 
skeletal muscle was associated with reduced 
insulin-stimulated glucose uptake measured in 
the same muscle [58]. This association was also 
reported in humans. In 1988, in a cohort of hyper-
insulinemic adults with T2D, skeletal muscle 
lipid content was significantly higher than in con-
trols [59]. In these studies, the lipid accumulation 
was assessed by muscle biopsy, restricting the 
studies to small cohorts of adults. With the 
increasing availability of noninvasive diagnostic 
techniques, the evidence regarding the associa-
tion between IMCL and IR in youth increased 
rapidly. Sinha et al. first described the accumula-
tion of fat in skeletal muscle in children [60]. The 
authors observed that obese adolescents had a 
higher intramyocellular lipid (IMCL) content 

Fig. 10.2 Mechanisms of insulin resistance in liver. 
Insulin binds its receptors in the liver that activates IRS-1 
that in turn activates a kinase cascade that culminates in 
promotion of glycogen synthesis and suppression of glu-
coneogenesis. The high amount of lipids in the hepato-

cytes increases the concentration of DAG that activates 
PCKε, a serine–threonine kinase that inhibits IRS-1. 
Abbreviations: IRS-1 insulin receptor substrate 1, DAG 
diacylglycerol, PCKε protein kinase C epsilon, FFA free 
fatty acids
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assessed by magnetic resonance spectroscopy 
(MRS) than lean adolescents [60]. Moreover, the 
authors, and others, have reported that IMCL 
content is positively associated with the accumu-
lation of lipids in other ectopic depots, such as 
VAT [60] and hepatic fat [41].

Several pieces of evidence have underlined 
the association between ectopic fat accumulation 
in skeletal muscle and impaired insulin sensitiv-
ity in children and adolescents [61–63]. In 2003, 
Weiss and coworkers showed that children and 
adolescents with impaired glucose tolerance had 
a significantly higher IMCL content than obese 
children with normal glucose tolerance [61]. 
Moreover, IMCL was inversely correlated with 
plasma adiponectin and insulin sensitivity, inde-
pendent of total and visceral adiposity, in a cohort 
of obese and normal weight youth [63]. This 
association was stronger in obese than in lean 
adolescents, suggesting that IMCL is crucial in 
determining the effect on insulin sensitivity [63]. 
Later, the same group reported differences in 
IMCL content and plasma adiponectin between 
insulin-sensitive and insulin-resistant obese ado-
lescents [62]. Consistent with these findings, the 
obese insulin-resistant group showed a higher 
IMCL content and lower adiponectin compared 
to insulin-sensitive obese youth independent of 

other adiposity measures [62]. IMCL has been 
associated with other biochemical markers of 
CVD. In a large cohort of prepubertal and early 
pubertal children, the IMCL was shown to be 
associated with elevated triglycerides and high 
triglyceride-to-HDL ratio independent of VAT, 
SAT, and BMI [64].

The molecular mechanisms by which increased 
triglyceride content impairs insulin sensitivity in 
skeletal muscle are not completely clarified. In 
skeletal muscle, as well as in the liver, insulin 
binds the insulin receptor tyrosine kinase that 
phosphorylates IRS-1, which in turn activates 
phosphatidylinositol 3-kinase (PI3K). PI3K, 
through signaling intermediaries, induces the 
translocation of glucose transporter type 4 
(GLUT4) to the plasma membrane and, finally, 
glucose uptake into the myocyte. When ectopic 
lipid accumulation occurs, the intracellular con-
centrations of DAG, long-chain acyl-CoA, and 
malonyl CoA increase [65, 66]. These lipids, in 
particular DAG, activate the theta form of protein 
kinase C (PKCθ), which activates a threonine–
serine kinase cascade that inhibits insulin receptor 
signaling (see Fig. 10.3). Fatty acids can interfere 
with glycolysis and hexokinase activity. In fact, 
Randle described that enhanced β oxidation in 
muscle cell leads to increased concentration of 

Fig. 10.3 Mechanisms of insulin resistance in skeletal 
muscle. Insulin binds its receptors that activate IRS-1 that 
in turn activate PI3K that promotes the migration of 
GLUT4 from the cytosol to the plasmatic membrane sur-
face. The high amount of FFA increases the concentration 

of DAG that activates PCKθ, a serine–threonine kinase 
that inhibits IRS-1. Abbreviations: IRS-1 insulin receptor 
substrate 1, PI3K phosphatidylinositol 3-kinase, FFA free 
fatty acids, DAG diacylglycerol, PCKθ protein kinase C 
theta
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acetyl CoA and of NADH to NAD+ ratio, which 
impairs pyruvate dehydrogenase activity and glu-
cose oxidation [67]. This, through the increase of 
cytosolic citrate, might increase the intracellular 
concentrations of glucose-6- phosphate, which 
might inhibit hexokinase II activity leading to 
increased intracellular glucose levels and finally 
to a lower glucose uptake [51].

Another pathway that may be involved is oxi-
dative stress. FFAs can directly increase reactive 
oxygen species (ROS) via peroxidation reactions 
[68] and via mitochondrial production [69]. FFAs 
can also indirectly increase ROS via hexosamine 
biosynthetic products [70]. Several studies have 
reported an association between oxidative stress 
and hyperglycemia and the consequent reduction 
of glucose levels after antioxidant infusion in rats 
and human experimental models [68, 71, 72]. 
The biochemical mechanisms of oxidative stress- 
induced insulin resistance are not completely 
understood. ROS can affect signal transduction 
and gene expression via redox modification of 
proteins. Moreover, it has been shown that ROS 
can activate the PKC pathway leading to inacti-
vation of IRS-1 [56].

These data support the role of IMCL in the 
pathogenesis of impaired insulin sensitivity, 
thus, it is important to look at it as potential risk 
factor leading to the development of metabolic 
syndrome.

 Possible Mechanisms of Ectopic Fat 
Deposition

Lipodystrophy is a heritable disease character-
ized by a defect in adipose tissue mass. The 
inability to store fat in white adipose tissue leads 
to ectopic fat deposition in liver, skeletal muscle, 
and pancreas in affected subjects. In humans and 
mice models of lipodystrophy, the ectopic intra-
cellular triglyceride accumulation is associated 
with IR [73–75]. Similarly, experimental models 
of Ob/Ob mice lacking aP2, a fatty acid binding 
protein, show reduced adipose tissue lipolysis 
and enlarged fat mass with a consequent increased 
insulin sensitivity and reduced circulating plasma 
lipoproteins [76].

Obesogenic adipose tissue hypertrophy might 
share these pathogenic mechanisms for ectopic 
fat deposition. Animals and in vivo models have 
shown that adipocytes have a genetically prees-
tablished expandability potential [35, 77]. The 
reduced expression of lipogenic genes in SAT 
might be seen as an impaired storage function in 
adipocytes. In line with this theory are the find-
ings proposed by Kursawe et  al. that evaluated 
the pattern of gene expression of subcutaneous 
adipocytes in obese adolescents stratified for vis-
ceral adiposity. They reported that adolescents 
with high relative proportion of VAT to SAT, 
along with the downregulation of lipogenic gene 
expression, showed lower expression of the 
LIPIN1 gene that is involved in adipocyte differ-
entiation and lipid accumulation [35]. Thus, it 
might be hypothesized that in the case of obesity 
and increased need for fat storage, certain indi-
viduals are unable to mature new adipose cells 
owing to an impairment in differentiation, lead-
ing to triglyceride spillover into ectopic depots. 
Subsequently, the same group added another 
piece to this complex and still unsolved puzzle. 
The authors reported that SAT of obese youth 
with altered body partitioning showed higher 
expression of the inflammosome components 
(NLR3, CASP1, IL1B, and TLR4) and macro-
phage infiltration and activation markers (CD68 
and CD115) [78]. Moreover, they found that 
among the markers of inflammation, CASP-1 and 
CD68 expression in SAT were the best predictors 
of body fat distribution in this cohort. Similarly, 
IL-1b has been showed to impair both adipogen-
esis and reduce adipocyte lipid content in human 
cells [79]. Thus, it could be hypothesized that 
SAT of an obese adolescent with high VAT/
(VAT+SAT) might more readily secrete proin-
flammatory proteins that may further alter body 
fat distribution [78].

As mentioned above, VAT hypertrophy has 
been associated with an increased flux of FFAs 
into the portal vein toward the liver where FFAs 
are extracted by hepatocytes through a 
nonhormone- dependent mechanism [56]. After 
hepatocyte uptake, FFA can be hydrolyzed or re- 
esterified into triglycerides, which in turn might 
be stored in the cytosolic pool or secreted as 
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VLDL [56]. The imbalance between uptake and 
oxidation/secretion leads to lipid accumulation. 
Nevertheless, intrahepatic fat accumulation is not 
only due to an excess of lipid uptake, but also due 
to enhanced hepatic de novo lipogenesis (DNL). 
Recent studies suggest that insulin stimulates 
transcription of sterol-regulatory element- 
binding protein-1c (SREBP-1c) that in turn posi-
tively regulates the transcription of lipogenic 
enzymes [80]. The molecular pathways involved 
in lipid metabolism are not affected by IR, thus in 
condition of hyperinsulinemia, such as obese 
insulin-resistant youth, the DNL is increased in 
insulin-responsive organs, for example, the liver.

The high rate of DNL is not the only player in 
hepatic ectopic lipid deposition. Lipid deposition 
in skeletal muscle depends on a net balance 
between the rate of FFA uptake and the rate of 
lipid oxidation. Mitochondria exert a central role 
in regulating fatty acid oxidation. In elderly sub-
jects, high muscular lipid content has been asso-
ciated with lower mitochondrial oxidation and 
phosphorylation activity compared to young con-
trols [81]. In obese adults affected by T2D, mus-
cle tissue has been shown to have reduced 
oxidation of fatty acids derived from the plasma 
during fasting and exercise [82–84]. Moreover, 
increased IMCL has been associated with 
impaired mitochondrial phosphorylation in 
insulin- resistant offspring of T2D patients [85]. 
Taken together, these findings support the hypoth-
esis that impaired mitochondrial oxidation and 
phosphorylation activity might be an important 
predisposing factor for intramyocellular fat accu-
mulation in insulin-resistant youth.
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 Introduction

The prevalence of insulin resistance (IR) in chil-
dren and adolescents has increased globally in 
the past two decades, in association with similar 
increases in the prevalence of obesity. IR is a pre-
cursor to a number of diseases, including type 2 
diabetes mellitus (T2DM), polycystic ovary syn-
drome, hypertension, hypertriglyceridemia, and 
cardiovascular disease. The hallmark of IR is the 
inability of the liver, fat, and muscle to respond to 
insulin. To maintain glucose control, pancreatic 
β(beta)-cells produce increasing amounts of insu-
lin until they can no longer keep up and excess 
glucose accumulates in the blood, resulting even-
tually in type 2 diabetes mellitus. Muscle, fat, 
and the liver communicate to maintain metabolic 
homeostasis and adapt to metabolic dysregula-
tion via small signaling molecules. The rate of 
production and the capacity to respond to these 
signals likely depend on metabolic disposition, 
including the spectrum of circulating plasma glu-
cose, but the details of these responses are still 
poorly understood. Most of these molecules are 
expressed in multiple tissues and act in both para-

crine and endocrine fashion to regulate metabolic 
homeostasis. For the purposes of this chapter, 
they are presented in the classification of their 
original identification, but cross-tissue communi-
cation should be assumed for most. Alterations in 
circulating concentrations of some of these mol-
ecules may suggest IR, and measurement of these 
biomarkers shows promise for early identifica-
tion of this condition.

 Biomarker Identification

A key strategy for identifying a successful treat-
ment for any disease is detecting the disease in its 
early stages. IR is a particularly difficult condi-
tion to identify due to variability in time of onset, 
the contribution of multiple genes, and multi- 
organ pathophysiology. Moreover, by the time 
hyperglycemia or type 2 diabetes are diagnosed, 
there is already substantial β(beta)-cell dysfunc-
tion [1] and increased risk for other cardiometa-
bolic disease [2]. Therefore, markers of IR 
identifiable prior to onset of cardiovascular risk 
are desirable. The gold standard for determining 
IR is the hyperinsulinemic-euglycemic clamp. 
This is an invasive, expensive procedure requir-
ing a clinical research setting, making it costly 
and difficult to do on a routine basis. The oral 
glucose tolerance test is an easier but less precise 
method that also involves multiple blood draws 
and several hours to complete. These tests can be 
especially challenging in children. However, with 
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advanced methodology and understanding of the 
molecular basis of IR, other predictive markers 
are emerging.

Metabolomics has had a particularly pro-
found impact on biomarker discovery and 
assessment [3]. Metabolomics is the analysis of 
a large number of low-molecular-weight prod-
ucts of metabolism [4] that attempts to quantify 
and profile these products in biological samples, 
i.e., blood, urine, feces, and tissues [5]. The 
samples required for metabolomics are rela-
tively small and noninvasive, making this 
approach more suitable for children and adoles-
cents, as well as adults. Several classes of 
metabolites have been associated with IR, 
including those involved in central carbon 
metabolism, amino acid and lipid pathways, and 
some secondary metabolites.

Proton magnetic resonance spectroscopy (1H 
MRS) is a noninvasive imaging method capable 
of detecting lipid moieties in tissues other than 
adipose tissue in adults and children. As ectopic 
lipid deposition is associated with IR in several 
populations, 1H MRS may also be a promising 
strategy for early detection of metabolic derange-
ments associated with IR.

 Amino Acids

In addition to acting as building blocks of pro-
teins, amino acids function as signaling mole-
cules in the regulation of growth and metabolism 
[6–8]. The essential branched-chain amino acids 
(BCAA; leucine, isoleucine, and valine) have the 
potential to regulate food intake and glycemia 
indirectly by modulating the release of hormones, 
such as leptin, glucagon-like peptide-1 (GLP-1), 
and ghrelin [9–13], and directly by affecting 
insulin sensitivity via glucose transport and regu-
lation of insulin receptor phosphorylation through 
the mTOR/p70S6 kinase pathway [14, 15]. 
Administration of BCAA in clinical studies sug-
gests improvements in metabolic parameters, 
such as body weight, satiety, and glycemia 
through action at multiple tissues, including 
brain, liver, muscle, and adipose [16–18], as well 
as increased insulin secretion [19, 20].

Hyperaminoacidemia has been described in 
obese compared to lean adults [21]. Moreover, 
elevated levels of BCAA, their breakdown prod-
ucts, glutamate, C3 and C5 acylcarnitines [22], 
and aromatic amino acids (AAA) have been asso-
ciated with an increased risk of IR and T2DM in 
humans [23–26], possibly independent of obesity 
[8]. BCAA and AAA concentrations have also 
been found to be positively associated with BMI 
in children (8–12  years old) [27–32]; and chil-
dren of obese mothers tend to have increased lev-
els of BCAA relative to children of nonobese 
mothers, implicating an epigenetic component 
[33]. Mihalik et al., however, have reported sig-
nificantly lower concentrations of most of the 
profiled amino acids, including leucine/isoleu-
cine and tyrosine, in overweight and T2DM ado-
lescents (13–15  years old) [34], and improved 
β(beta)-cell function with elevated plasma amino 
acids [35]. It has been suggested that these dis-
crepancies are due to differences in age and the 
result of the metabolic plasticity of children  
[28, 34].

Given the seemingly discordant data in inter-
ventional versus observational studies, it is not 
known if amino acids contribute directly to IR or 
are a by-product of metabolic dysregulation. 
BCAA rates of appearance depend on protein 
intake and degradation, and rates of disappear-
ance depend on synthesis, excretion, and oxida-
tion. Understanding the mechanisms by which 
BCAA affect insulin sensitivity is complicated 
by the fact that BCAA and insulin act additively 
or synergistically to activate the mTOR pathway 
[36–39]. Two proposed mechanisms of BCAA 
influence on IR are as follows: (1) persistent acti-
vation of the mTOR complex 1 (mTORC1) by 
excess BCAA leads to serine phosphorylation of 
insulin receptor substrate 1 (IRS-1) and IRS-2 
and, along with lipotoxicity and oxidative stress, 
promotes β(beta)-cell exhaustion; and (2) BCAA 
dysmetabolism leads to accumulation of toxic 
by-products, in turn leading to β(beta)-cell mito-
chondrial dysfunction and apoptosis (reviewed in 
[40]). Evidence for persistent mTOR activation 
and β(beta)-cell exhaustion [22, 41–43] is coun-
tered by studies showing that BCAA supplemen-
tation improves metabolic parameters despite 
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increased mTORC1 signaling [44, 45] and that 
activation of mTORC1 in β(beta)-cells is associ-
ated with increases in islet and β(beta)-cell mass 
and protection from T2DM [46–51]. The BCAA 
dysregulation model is supported by consistent 
observation of decreased expression of genes and 
proteins involved in BCAA metabolism in 
insulin- sensitive tissues (adipose tissue, muscle, 
liver) over a broad range of obesity models and 
correlation with insulin sensitivity [40]. The 
accumulation of BCAA metabolites can lead to 
mitochondrial oxidative stress and apoptosis and 
IR [8, 52–54].

Overall, additional investigations are 
required to determine if BCAA contribute 
directly to IR or if elevated levels are secondary 
to established disease. Amino acids and their 
metabolites alone, or in combination with other 
metabolic by- products, may hold promise as 
biomarkers for early identification of IR prior to 
overt glycemic symptoms. Recent evidence sup-
ports an interaction between BCAA and 
increased free fatty acid (FFA) to negatively 
affect insulin sensitivity [41].

 Lipids

Given the close association of IR and T2DM with 
obesity, it is not surprising that lipids and lipid 
intermediates were among the first mediators of 
IR identified [55]. Spillover of FFA from adipose 
tissue that is unable to adequately store excess 
energy leads to deposition of lipids in other 
insulin- sensitive tissues, such as liver and mus-
cle. In human and animal models of lipodystro-
phy, lack of adipose tissue also results in ectopic 
deposition of lipids [56, 57]. Recently, the “obe-
sity paradox” has described normal-weight/lean 
subjects with diabetes and a higher mortality rate 
than their obese counterparts [58]. Moreover, 
acute IR can be induced with infusion of FFA 
[59, 60], and pharmacological lowering of FFA 
improves insulin sensitivity [61]. Whether due to 
lifestyle or genetic predisposition, FFAs are a 
central focus of IR etiology [62–65]. The mecha-
nisms associated with FFA-induced IR are tissue- 
specific and include deposition of diacylglycerol 

(DAG), reactive oxygen species production, and 
mitochondrial dysfunction (reviewed in [66]).

The by-products of incomplete FFA oxidation 
have also been identified as potential mediators 
of IR.  Acylcarnitines, for instance, are by- 
products of incomplete FA oxidation and have 
been found to be associated with IR in adults [67, 
68] and children/adolescents [28, 31, 33, 69].

Lipids are the major source of fuel and fuel 
storage for the human body. They also act as 
intracellular signaling molecules regulating 
metabolic pathways. When there is a disparity 
between lipid oxidation and lipid delivery to 
muscle or the liver, intramyocellular lipid 
(IMCL) or intrahepatic lipid (IHL) accumu-
lates. As mentioned above, 1H MRS is a nonin-
vasive method for measuring IMCL and 
IHL.  In healthy lean [70], nonobese insulin-
resistant [71] adults and children [72], IMCL 
predicted muscle IR better than fat mass. Upon 
further analysis, specific lipid species have 
been defined as the primary contributors to 
impaired signaling in these insulin- responsive 
tissues. Diacylglycerol (DAG) accumulation is 
believed to activate PKCθ(theta) [73, 74] in 
muscle and PKCδ(delta) in the liver [75, 76], 
thus altering IRS-1 phosphorylation and result-
ing in IR. It is now believed that specific side 
chains on a DAG determine the extent of toxic-
ity. Fatty acyl-CoAs that are not incorporated 
into mono-, di-, or triacylglycerols can esterify 
with sphingosine to form ceramides. Ceramides 
formed from saturated fatty acids have been 
postulated to act as second messengers in the 
response to inflammatory cytokines and are 
also implicated in the development of IR [77, 
78]. Recent studies have shown that improve-
ment of hepatic mitochondrial function can 
improve ectopic lipid deposition and the asso-
ciated IR [79–81].

While effective at detecting ectopic lipid, 1H 
MRS is not available as a screening tool, and the 
cellular effects must be studied in cell or animal 
models or in tissue biopsies from humans. 
Lipidomics is beginning to identify serum mark-
ers and profiles to corroborate these findings non-
invasively in humans and may hold promise as an 
early biomarker of IR [82].
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 Sex Steroids

There are well-established, fundamental differ-
ences between males and females in the regula-
tion of metabolic homeostasis (reviewed in [83]), 
with implications for the development of meta-
bolic disease and response to interventions. 
While men are considered more prone to impaired 
fasting glucose, impaired glucose tolerance is 
more prevalent in women [84–87]. The disparity 
arises at the level of the gamete and the evolu-
tionary reproductive roles of males and females 
[88] and is triggered by the sex hormones (andro-
gens and estrogens) with the onset of puberty. 
Indeed, a large body of literature describes 
decreased insulin sensitivity during puberty that 
resolves shortly thereafter in healthy adolescents 
but can continue in obese children [89]. The 
mechanisms are still poorly understood, but sex 
hormones have direct effects on the development, 
integrity, and function of β(beta)-cells [90].

In a longitudinal study following girls and 
boys from 11 to 19 years of age, insulin sensitiv-
ity was measured via hyperinsulinemic- 
euglycemic clamp [91]. At baseline, the boys 
were more insulin sensitive than the girls. 
Despite gaining less fat mass and more lean 
mass, by age 19, the boys became less insulin 
sensitive than the girls. Several studies have 
reported increased androgen precursors in obese 
versus lean children and associations with mark-
ers of insulin sensitivity [28, 33, 92]. Sex differ-
ences have also been observed in the relative 
levels of the other biomarkers discussed in this 
chapter, i.e., BCAA, lipids, adipokines, etc. [69, 
93] Together, these results support a role for sex 
steroids in the regulation of insulin sensitivity.

Importantly, androgens and estrogens are pro-
duced and active in brain and adipose tissue, as 
well as reproductive tissues (reviewed in [83, 
94]). Adipose tissue distribution is markedly dif-
ferent in males versus females and may contain 
as much as one hundred times more sex steroid 
than plasma [95]. Moreover, β(beta)-cells may 
produce sex steroids for local control of insulin 
sensitivity [90]. Consequently, while sex hor-
mones are vital constituents of insulin homeosta-

sis, it is problematic to use their circulating levels 
as predictors of IR in youth.

 Adipokines and Cytokines

Over the last 30  years, adipose tissue has been 
ascertained to be a highly regulated endocrine 
organ. Through its production of a variety of cell 
signaling proteins, hormones, cytokines, and 
growth factors—collectively termed “adipo-
kines” or “adipocytokines”—adipose tissue is a 
central modulator of metabolic homeostasis [96, 
97]. The majority of adipose tissue in humans is 
white adipose tissue of two distinct types—sub-
cutaneous (SAT) and visceral (VAT)—with 
depot-specific adipokine/cytokine profiles. 
Further, SAT is associated with insulin sensitivity 
and VAT with IR [98]. There is a strong associa-
tion between obesity-related IR and increased 
adipose tissue inflammation characterized by a 
greater pro-inflammatory-to-anti-inflammatory 
profile [99]. Most of what is known to date has 
emerged from studies in adults, but the increasing 
prevalence of childhood obesity is driving the 
investigation of adipokine action in this popula-
tion. The relative levels of pro-to-anti- 
inflammatory adipokines are associated with IR 
in obese children of all ages [100, 101]. Recently, 
some adipokines have been measured in saliva, 
and comparisons to plasma levels are currently 
underway [102]. While there are more than 50 
adipokines identified [103], only the best-studied 
and those most closely associated to IR will be 
covered here.

 Pro-inflammatory

 Leptin

Leptin is the most studied and best-known adipo-
kine. It is a 16 kD polypeptide hormone mainly 
secreted from white adipose tissue, which acts in 
the central nervous system to regulate appetite, 
body weight, neuroendocrine functions, and 
glucose- insulin homeostasis [104] via modulation 
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of hepatic and muscle insulin action [56], gluca-
gon secretion [105], glucose production [106], 
and glucocorticoid secretion [107, 108]. With 
increasing obesity, overproduction of leptin or 
hyperleptinemia can lead to leptin resistance and 
central leptin insufficiency resulting in the loss of 
this control mechanism [109]. Hyperleptinemia 
is associated with IR and T2DM [99, 110, 111]. 
The association between leptin and IR in children 
and adolescents is mixed. A recent study by 
Soliman et al. found that plasma leptin was lower 
in obese adolescents with T2DM relative to age-, 
gender-, and BMI-matched controls without 
T2DM [109]. This is in line with results from one 
study in adults [112]; however, it contrasts with 
increased [110] or no difference [113, 114] in 
plasma leptin in other studies of obese children 
and adolescents with and without T2DM.  In 
addition to its metabolic effects, leptin is involved 
in the regulation of normal growth and puberty 
[109], complicating its use as a biomarker of IR 
in obese children and adolescents.

 Resistin

Named because of its ability to interfere with or 
resist insulin action [115], human resistin is a 
12.5 kDa polypeptide primarily released from 
circulating blood monocytes [116]. Resistin has 
been found to be increased in peripheral blood 
mononuclear cells (PBMC) of women with 
T2DM relative to healthy women [117] and in 
plasma levels of Jordanian patients with T2DM 
compared to nondiabetic controls [118]. Others, 
however, have found no association between 
resistin and insulin sensitivity in adults [119, 
120]. The picture is much the same in the pediat-
ric population, with some studies finding positive 
associations between resistin and IR [121, 122], 
whereas others have not [123–125], including a 
large, multicountry comparison study in 2290 
children ages 8–11 and 12–15 [126]. Importantly, 
in this and other studies, resistin appears to vary 
by age, gender, and country of origin [121, 123, 
126], which complicates its use as a dependable 
biomarker for IR.

 Retinol-Binding Protein 4

The canonical role of retinol-binding protein 4 
(RBP4) is to carry retinol (vitamin A alcohol) 
from stores in the liver to peripheral tissues. In 
the last 10 years, RBP4 has been linked to IR and 
T2DM [127–129]; a single nucleotide polymor-
phism in humans is associated with a twofold risk 
for T2DM [130]. In clinical studies, RBP4 is 
used as a biomarker for metabolic disease in 
adults [131–133]. RBP4 impairs insulin signal-
ing in adipocytes by inducing proinflammatory 
cytokine production from macrophages via acti-
vation of the JNK (c-Jun N-terminal kinase) 
pathway and is mediated though Toll-like recep-
tor 4 [134]. In obese and nonobese adolescents, 
RBP4 was independently associated with insulin 
sensitivity (HOMA-IR) [135], and physical activ-
ity intervention decreased RBP4 levels by 30% in 
obese 14- to 18-year-olds [136]. The predictive 
power of RBP4 is strengthened by comparing its 
ratio to retinol [137] making it one of the stron-
gest candidates for an IR biomarker.

 Visfatin

Predominantly expressed in adipose tissue and 
leukocytes, visfatin (also called pre-β[beta]-cell 
colony-enhancing factor and NAMPT; nicotin-
amide phosphoribosyltransferase) affects the 
sensitivity of liver cells to insulin action [138] 
and can regulate insulin secretion from β(beta)-
cells via NAD production [139]. Visfatin acts as 
an insulin sensitizer by binding to the insulin 
receptor and activating the PI3-kinase/AKT 
pathway [140]. Infusion of varying levels of 
glucose in healthy male subjects caused an 
increase in circulating visfatin, and somatosta-
tin-induced decrease in endogenous insulin 
secretion resulted in a decrease in visfatin [141], 
suggesting that visfatin may be a better marker 
for glucose regulation per se rather than just an 
indicator of adiposity. In children and adoles-
cents, visfatin is positively correlated to BMI, 
HOMA-IR, and fasting insulin [142] and can be 
decreased with weight loss [143]. The ability to 
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monitor metabolic improvements across inter-
ventions in the pediatric population makes vis-
fatin a promising biomarker.

 Chronic Inflammation

It is now well-accepted that obesity is associated 
with chronic low-grade, sterile inflammation that 
is believed to play a major role in obesity-related 
IR in adults [144–146]. A number of proinflam-
matory chemokines and cytokines have been 
implicated in obesity-related inflammation. This 
is a complex network involving multiple signal-
ing cascades, making it difficult to pinpoint indi-
vidual molecules or pathways. Daniele et al. have 
attempted to develop an “inflammatory status 
score” to evaluate the level of inflammation and 
predict IR and β(beta)-cell dysfunction for better 
treatment of T2DM [147]. Among the most stud-
ied are tumor necrosis factor-alpha (TNF- 
α[alpha]), interleukin (IL)-6 (IL-6), IL-1β(beta), 
IL-18, and monocyte chemoattractant protein-1 
(MCP1), all of which are increased in obesity and 
are positively associated with IR in multiple 
models (reviewed in [66, 146, 148]). The multi- 
organ, multi-process nature of chronic inflamma-
tion in obesity and diabetes poses a challenge in 
using inflammatory markers to diagnose and/or 
predict metabolic disease [149]. Furthermore, 
changes in adipose tissue accumulation and dis-
tribution with the onset of puberty make estab-
lishing an adipokine profile to identify and 
evaluate IR in children and adolescents 
challenging.

 Anti-inflammatory

 Adiponectin

Adiponectin is one of the best-studied adipo-
kines. It is widely recognized as an insulin sensi-
tizer and has been associated with improved 
insulin sensitivity and reduced risk of T2DM 
[150]. Through interaction with its receptors, 
ADIPOR1/2, adiponectin improves insulin sensi-
tivity by activating AMP-dependent protein 

kinase (AMPK) and downstream signaling path-
ways (p38MAPK, PPAR-α[alpha], PPAR- 
γ[gamma]) to augment fatty acid oxidation and 
glucose uptake in muscle and to suppress gluco-
neogenic genes (phosphoenolpyruvate car-
boxykinase and glucose-6-phosphatase) in the 
liver [151]. Adiponectin also acts on other organs 
(kidney, heart), tissues (central nervous system), 
and cell types (pancreatic β[beta]-cells, immune 
cells) with effects on inflammation and insulin 
sensitivity [150, 152]. Some of these effects may 
be mediated via T-cadherin receptor signaling; 
however, the molecular mechanisms of this activ-
ity are not clear [153].

Despite being highly expressed by adipocytes, 
adiponectin is decreased with obesity, likely as a 
result of increased expression of pro- inflammatory 
factors (TNF-α[alpha], IL-6) [154] and possibly 
iron overload via forkhead box protein O1 
(FOXO1) [155, 156]. In circulation, adiponectin 
exists as low-molecular-weight (LMW) trimers, 
medium-molecular-weight (MMW) hexamers, 
and high-molecular-weight (HMW) oligomers of 
four to six trimers formed by disulfide bonds, as 
well as a proteolytic fragment termed globular 
adiponectin (gAd). The stable HMW form is gen-
erally considered as the most biologically active 
form in the regulation of glucose and insulin sen-
sitivity and metabolic homeostasis; however, 
total adiponectin, as well as the ratio of total to 
the different molecular weight forms of the pro-
tein, may dictate diabetes risk [157–160].

A study by Ohman-Hansen et al. investigated 
ethnic and sex differences in adiponectin levels 
across the lifespan (8–57  years) [161]. Fasting 
adiponectin was lower in all Hispanic (H) partici-
pants relative to non-Hispanic whites (NHW) and 
lower in males than females independent of eth-
nicity. Confirming the results of studies in dis-
crete populations, this comprehensive study 
found an inverse correlation between adiponectin 
and IR across ages and stages in H and NHW par-
ticipants of both sexes. There was a downward 
trend in the association in late puberty, which 
rebounded in NHW women, but not in H women. 
These results are supported by a study in 2290 
children from four different countries, in which 
adiponectin was higher in younger (8–11  years 
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old) than older (12–15  years old) [126]. In 
 general, there was a positive correlation between 
adiponectin and insulin sensitivity; however, 
there appeared to be some age, sex, and country 
of origin differences.

Adiponectin may also be valuable as a predic-
tor of the development of T2DM and as a marker 
to track metabolic response to treatment. In a 
prospective study of 1300 nondiabetic Chinese 
(Hong Kong Cardiovascular Risk Factor 
Prevalence Study; CRISPS), serum adiponectin 
and TNF-α(alpha) receptor 2 (TNF-α[alpha]-R2) 
were as effective in predicting 5-year diabetes 
development as a diabetes risk factor score (age, 
sex, family history, smoking, physical activity 
hypertension, waist circumference, fasting glu-
cose, and dyslipidemia) plus an oral glucose tol-
erance test (OGTT) [162]. In the TODAY 
(Treatment Options for type 2 Diabetes in 
Adolescents and Youth) study of children aged 
10–17, non-Hispanic black participants had sig-
nificantly lower HMW adiponectin than non- 
Hispanic whites at baseline, and HMW 
adiponectin increased in the group with improved 
glycemic control achieved with pharmaceutical 
and/or lifestyle intervention [163]. There was, 
however, a 50% lower increase in non-Hispanic 
black children, further supporting racial and/or 
ethnic disparities. These results are also sup-
ported by increases in HMW adiponectin in pre-
pubertal children following weight loss, which 
also corresponded to an inverse association 
between HMW adiponectin and HOMA-IR 
[164]. Together, these data suggest that current 
measures of adiponectin may function as an 
effective biomarker of IR.  Further investigation 
of the mechanistic actions of the specific adipo-
nectin oligomers may provide further resolution 
and expand its use in predicting and monitoring 
disease.

 Secreted Frizzled-Related Protein 5 
(SFRP5)

The frizzled proteins are cell surface receptors 
for wingless-type MMTV integration site (WNT) 
proteins involved in adipogenesis and inflamma-

tion [165]. The N-terminal, cysteine-rich domain 
of secreted frizzled-related protein 5 (SFRP5) is 
homologous to the frizzled proteins and has been 
identified as an anti-inflammatory adipokine 
[166]. It is highly expressed in adipose tissue 
and, like its family members SFRP1–4, opposes 
the WNT proteins to regulate adipogenesis and 
inflammation. In obese rodents and humans, 
WNT5A in particular is increased and initiates 
inflammation through activation of c-Jun 
N-terminal kinase-1 (JNK1) [167, 168]. SFRP5 
acts as a decoy receptor to bind and sequester 
WNT5A in the adipose tissue extracellular space 
and diminish Wnt signaling, attenuating inflam-
mation and improving insulin signaling [166, 
169]. At the level of the adipocyte, mitochondrial 
metabolism is suppressed and adipocyte growth 
is stimulated [170].

Expression of SFRP5 mRNA has been 
reported to both increase [170–173] and decrease 
[166] with obesity in mice. In human obesity, 
SFRP5 is consistently decreased [166, 174–177]; 
however, associations with IR and diabetes are 
less consistent, with some demonstrating a posi-
tive association [177], some a negative associa-
tion [176], while others report variability in 
SFRP5 levels with the degree of IR [178]. This is 
not surprising, perhaps, given the nature of 
SFRP5 as a homeostatic control. In 7-year-old 
boys and girls, Prats-Puig et al. demonstrated that 
WNT5A and SFRP5 were positively correlated 
in serum and conditioned media from adipose tis-
sue explants [179]. Moreover, in children with 
the lowest circulating SFRP5, the WNT5A asso-
ciation with IR was significantly strengthened. 
SFRP1–4 are also under investigation for their 
roles in metabolic dysfunction [180–182], so the 
entire SFRP family may be useful markers of 
metabolic status.

 Interleukin-10

The immune system is composed of intricate sig-
naling cascades designed to protect the host from 
foreign pathogens. The pro-inflammatory 
response launched to protect against pathogens is 
countered by release of anti-inflammatory 
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molecules to limit host tissue damage caused by 
the inflammation. As mentioned above, a state of 
chronic, systemic inflammation contributes to the 
myriad metabolic complications associated with 
obesity. The degree of adipose tissue macrophage 
(ATM) infiltration, and relative distribution of 
M1 (pro-inflammatory) to M2 (anti- 
inflammatory) ATM, is associated with the pro-
gression of IR [183]. Part of the counter-regulation 
of this inflammation is the release of the anti- 
inflammatory cytokine, interleukin-10 (IL-10), 
from multiple immune cell types including M2 
macrophages and lymphocytes residing in sev-
eral tissues, including muscle, liver, and adipose 
tissue [97]. In fact, IL-10 is implicated directly in 
macrophage polarization between M1 and M2. 
IL-10 is a Th2-type cytokine that inhibits proin-
flammatory cytokine synthesis and activity via 
various, tissue-specific mechanisms [184–186].

White adipose tissue insulin sensitivity is 
maintained by production of eosinophil-derived 
IL-4, which drives production of IL-10 by M2 
macrophages [187]. Obesity-associated hyperin-
sulinemia is postulated to suppress IL-10 produc-
tion by key immunosuppressive T-regulatory 
cells (Tregs) via insulin receptors on the cell sur-
face, contributing to immune dysregulation 
[188]. Animal studies have demonstrated that 
exogenous treatment or overexpression of IL-10 
improves insulin sensitivity [189–191]. In 
humans, the associations between circulating 
IL-10 and obesity and IR are mixed [192–195], 
likely due to many of the factors discussed 
throughout the chapter including age, sex, devel-
opmental stage, ethnicity, and race [192].

Evidence in children is similar to that in 
adults. The longitudinal Nepean study of boys 
and girls from ages 8 through 15 demonstrated no 
differences in IL-10 between overweight/obese 
girls and boys relative to one another or their 
normal-weight counterparts [196]. By age 15, 
regardless of pubertal stage, a significant increase 
in IL-10 was observed in overweight/obese girls 
relative to normal-weight girls, but there was no 
difference between normal-weight and obese 
boys. In Taiwanese children and adolescents with 
metabolic syndrome, circulating IL-10 was sig-
nificantly lower in overweight/obese, relative to 

normal-weight children in all three age groups 
(8 years old, 11 years old, 13 years old) [197]. In 
normal-weight children, plasma IL-10 was posi-
tively correlated with fasting insulin and 
HOMA-IR.  In the overweight/obese children, 
only fasting insulin was moderately associated 
with IL-10. The presence of other comorbidities 
(blood pressure, waist-hip circumference, lipid 
profiles) may affect IL-10 levels and complicate 
the use of IL-10 as a reliable biomarker.

 Myokines and Cytokines

In nonobese individuals, muscle is the largest 
organ in the body and is fundamental to proper 
glucose control [198]. An important part of that 
control is the production and secretion of hun-
dreds of chemical modulators termed “myo-
kines” that communicate with other 
insulin-sensitive organs, i.e., the liver, adipose 
tissue, and the pancreas [199]. Given that myo-
kine release is stimulated via muscle contraction, 
it is believed that myokines play a significant role 
in the metabolic benefits of exercise [200]. 
Myokines other than the ones discussed below 
may also be involved in IR and have potential as 
biomarkers including β(beta)-aminoisobutyric 
acid (BAIBA), myostatin, brain-derived neuro-
trophic factor (BDNF), and follistatin-related 
protein-1 (FST1) [165].

 Interleukin-6

Interleukin-6 (IL-6) is the best-characterized 
myokine. As mentioned, IL-6 is expressed in 
multiple tissues and has tissue-specific effects. In 
exercising muscle, IL-6 is released from myofi-
bers in amounts coinciding with exercise inten-
sity and duration [201] and pre-exercise glycogen 
stores [202]. With regard to glucose sensitivity, it 
appears that in muscle the length of exposure dic-
tates whether IL-6 results in increased glucose 
uptake (acute) or activation of JNK/activator pro-
tein- 1 and insulin signaling impairment at IRS-1 
(chronic) [203]. With acute exposure in myo-
tubes, IL-6 results in increased glucose uptake, 
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GLUT4 translocation, and glycogen synthesis—
effects that are not observed in myotubes from 
subjects with T2DM [204]. IL-6 also regulates 
insulin secretion by increasing the proliferation 
of α(alpha)- and β(beta)-cells and preventing 
apoptosis of α(alpha)-cells [205] and stimulating 
glucagon-like peptide-1 (GLP-1) synthesis and 
secretion in intestinal L cells and pancreatic 
α(alpha)-cells [206]. A paucity of data exists in 
children with regard to muscle production of 
IL-6. In a mixed sample of 9- to 11-year-olds, 
resting levels of IL-6 were elevated in normal- 
weight, low-fit and obese, and low-fit children 
relative to their normal-weight, high-fit counter-
parts [207]. These data support a positive effect 
of exercise on lowering circulating IL-6, but are 
not direct evidence of muscle involvement per se.

 Interleukin-13 and Interleukin-15

Interleukin-13 (IL-13) was recently identified as 
being synthesized in muscle [208]. It is secreted 
by Th2 cells and is categorized as an anti- 
inflammatory cytokine that counteracts the 
actions of inflammatory cytokines with regard to 
insulin sensitivity [198]. In cultured myotubes 
from subjects with T2DM, IL-13 secretion is 
reduced, and treatment with an IL-13 neutraliz-
ing antibody resulted in a reduction in basal gly-
cogen synthesis [208]. In muscle tissue, it is also 
associated with increased glucose uptake and 
oxidation [208]. In mice, IL-13 has been shown 
to act in an endocrine fashion to decrease glucose 
production in the liver via the Stat3 pathway 
[209]. Interleukin-15 (IL-15) is also secreted by 
muscle and may influence insulin sensitivity 
through improvements in lipid handling via regu-
lation of mitochondrial activity and mass in adi-
pocytes [210]. IL-15 reportedly increases fatty 
acid oxidation, decreases lipid accumulation, and 
increases adiponectin secretion [198].

 Irisin

Irisin is a relative newcomer to the myokine fam-
ily. Discovered in 2012, this hormone is a cleav-

age product of fibronectin type III domain contain 
5 (FDNC5) [211]. Since its discovery, irisin has 
been controversial, with questions arising as to 
not only its function but also its existence 
(reviewed in [212]). The controversy arose 
mainly due to questions about the ability of com-
mercially available antibodies to detect the pep-
tide. Spiegelman et  al. used mass spectrometry 
and stable isotope-enriched controls to identify 
irisin in human plasma [213].

FDNC5 is driven by the transcriptional coact-
ivator PGC1-α(alpha) (ppar-γ[gamma] 
coactivator-1-α[alpha]) and is induced with 
exercise [214]. Irisin has since been determined 
to be secreted from adipose tissue as well as 
muscle and participates in organ cross-talk to 
regulate metabolic homeostasis [215]. Via 
upregulation of UCP1, irisin has been indicated 
in upregulation of subcutaneous adipose tissue 
browning and thermogenesis in response to exer-
cise [211, 215]. This mechanism is supported in 
mice treated with fenofibrate, a PGC1-α(alpha) 
activator, which led to an increase in serum irisin 
levels and UCP1 expression [216]. In humans, 
similar to exercise, cold-induced thermogenesis 
induced irisin secretion proportional to shivering 
intensity [217].

With regard to insulin sensitivity, overexpres-
sion of FNDC5 in mice resulted in decreased fat 
mass and improved glucose tolerance in response 
to high-fat diet-induced IR [211]. Multiple 
human studies have reported decreased irisin in 
T2DM patients relative to euglycemic controls 
[215, 218–221]. However, others have found 
negative associations between irisin and fasting 
glucose [222] and HbA1c [219, 222]. The role of 
irisin may be difficult to ascertain since irisin, 
like leptin, likely varies with BMI and adiposity 
[223–225]. The picture is equally discordant in 
children and adolescents. In a group of 13- to 
15-year-olds, obese teens had significantly 
higher levels of circulating irisin than their 
healthy controls [226], while Viitasalo et  al. 
reported no significant differences in plasma iri-
sin levels between overweight/obese and nor-
mal-weight children [227]. Yet in a separate 
study, irisin correlated negatively with fasting 
glucose in boys and girls; however, it showed a 
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negative correlation with HOMA-IR in girls 
alone, indicating sexual discordance [228]. More 
work is needed in adults and children to clarify 
this relationship.

 Fibroblast Growth Factor 21

Though more highly expressed in the liver, fibro-
blast growth factor 21 (FGF21) is secreted in 
C2C12 myotubes [229] and FGF21 mRNA was 
increased in skeletal muscle corresponding to an 
increase in plasma FGF21  in healthy men in a 
hyperinsulinemic-euglycemic clamp study [230]. 
Experiments in mice treated with FGF21 suggest 
that it modulates insulin sensitivity by enhancing 
glucose uptake in skeletal muscle and adipose tis-
sue, suppressing adipose tissue lipolysis and 
inducing adipose tissue browning [231]. Recent 
studies suggest that muscle produces FGF21 
under conditions of mitochondrial stress as a 
mechanism for mediating metabolic adaptations 
[232]. This protein is discussed further in the fol-
lowing section under hepatokines.

 Hepatokines

The liver is a key regulator of whole-body meta-
bolic homeostasis. Through proteins produced in 
and secreted by the liver (hepatokines), the liver 
acts as a control center for the regulation of lipid 
and glucose metabolism in other metabolic tissues, 
such as adipose tissue and muscle. Hepatic lipid 
accumulation can result in glucotoxicity and lipo-
toxicity via inflammatory and signaling pathways 
in conditions of overnutrition. Various hepatokines 
have been proposed as predictive biomarkers of 
IR. The major hepatokines are discussed below, but 
others that may be of interest include leukocyte 
cell-derived chemotaxin 2 (LECT2), chimerin, and 
insulin-like growth factors [165, 233].

 Fibroblast Growth Factor 21

As mentioned above, FGF21 is primarily produced 
in the liver and is, therefore, considered a hepato-
kine. It is a member of the FGF family of proteins 

responsible for regulating biological functions, 
such as cell differentiation, cell growth, and angio-
genesis, and is now recognized as playing a key 
role in oxidative stress [234]. In the liver and adi-
pose tissue, FGF21 is a potent activator of glucose 
uptake and lipid metabolism via cell surface FGF 
receptors [235], and studies in rats suggest that 
FGF21 may also act centrally [236]. FGF21 admin-
istration in mouse models of diabetes and obesity 
causes decreased body weight, improvements in 
lipid profiles, and improved insulin sensitivity 
[237]. Moreover, the glucose effects occur within 1 
hour and are independent of weight loss. Similar 
effects were observed in nonhuman primates [238]. 
In humans, the role of FGF21 is less clear. 
Treatment of humans with a pharmacological 
FGF21 analog produced some weight loss and 
modestly lowered insulin; however, there were no 
effects on glucose [239]. Some, but not all, human 
studies have found associations between FGF21 
levels and BMI, nonalcoholic fatty liver disease 
(NAFLD), and metabolic syndrome [240]. 
Similarly, in children, the relationship between 
FGF21 and obesity/IR is mixed. A study of a large 
cohort of children and adolescents aged 6–18 
reported decreased FGF21  in those with obesity 
relative to their lean counterparts, and children in 
the lowest quintile of FGF21 were more likely to 
be insulin resistant [241]. However, studies of chil-
dren more similar in age (10–14 years old [240] 
and 14–15  years old [242]) observed a positive 
association between FGF21 and obesity, but no sig-
nificant association with IR. Further, in Thai chil-
dren aged 9–14 years, serum FGF21 was highest in 
obese children with the most severe IR [243]. The 
mixed results highlight the complex nature of 
assessing metabolic parameters in growing chil-
dren. The observation that FGF21 circulation is 
circadian-dependent [244] may also complicate its 
use as a biomarker.

 Fetuin-A

Shim et  al. very recently proposed fetuin-A 
(FetA) as a potential marker for IR and 
 cardiovascular risk in prepubertal children [245]. 
FetA, also known as α(alpha)2-Heremans-
Schmid glycoprotein (AHSG), is a glycoprotein 
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produced in the liver and adipose tissue. It acts in 
muscle and the liver as a natural inhibitor of insu-
lin receptor tyrosine kinase activity [246, 247]. 
FetA has been shown to drive IR alone [248] or 
as an adapter molecule for saturated fatty acid-
mediated Toll- like receptor 4 (TLR4) activation 
[248, 249], suggesting it might be a key player in 
lipid-induced inflammation [250]. The Toll-like 
receptors are a class of proteins with a key role in 
the innate immune system. FetA is a primary car-
rier of circulating free fatty acids (FFA) [251]. In 
the absence of FFA, FetA can bind directly to 
TLR4 [251, 252] and act as a FFA presenter to 
TLR4. Pal et al. demonstrated in mice that both 
FetA and FFA are required for the activation of 
TLR4 and the resulting proinflammatory cyto-
kine expression [249]. Reducing the expression 
of FetA in mice on a high-fat diet prevented FFA- 
induced IR. In humans, the relationship between 
circulating FetA and BMI is not completely clear 
[245, 253–256]; however, FetA is consistently 
associated with IR and T2DM in adults [233, 
249, 257, 258] and children [245, 256, 259, 260]. 
Circulating FetA can be modified with weight 
loss [260, 261] and is an independent predictor of 
abdominal adiposity [262]; both are characteris-
tics of a potential candidate biomarker.

 Betatrophin

To date, there are eight identified angiopoietin- 
like proteins. Betatrophin (ANGPTL8/lipasin) is 
unique among the members of the ANGPTL fam-
ily as it lacks the typical fibrinogen-like domain 
as well as the glycosylation sites and amino acids 
required for forming disulfide bonds that are 
common to the others. Derived from hepatocytes, 
betatrophin regulates other ANGPTL proteins to 
control circulating triglycerides, potentially by 
trafficking postprandial free fatty acids from the 
liver to peripheral tissues [263]. In adipose tissue, 
betatrophin is upregulated by insulin and down-
regulated by lipolysis activators, such as for-
skolin and isoproterenol [264]. Clinical studies in 
humans with T2DM have shown both that 
betatrophin levels are increased [265–267] and 
decreased [268]. Abu-Farh recently reported that 
although betatrophin was increased in T2DM 

patients, betatrophin level did not correlate with 
fasting blood glucose or HOMA-IR in these sub-
jects [269]. Early studies in animal models that 
suggested that betatrophin could stimulate 
β(beta)-cell mass and proliferation have since 
been disputed [270, 271]. The relation of circu-
lating betatrophin to IR and T2DM in children 
and adolescents is unclear. Positive [272], nega-
tive [273], and neutral [274] associations have 
been reported potentially due to differences in 
age, sex, and pubertal status.

 Selenoprotein P (SeP)

The trace mineral selenium is a key component 
of several enzymes that regulate redox homeosta-
sis, thyroid hormone metabolism, and oxidative 
stress [275]. Selenoprotein P (SeP) transports 
selenium from the liver to extrahepatic tissues 
and contains 22–65% of the plasma selenium 
content [276, 277]. SeP was originally identified 
as an antioxidant enzyme that reduced reactive 
oxygen species by supplying cells with selenium 
[278], and early studies of selenium suggested it 
might act as an insulin mimetic [279]. 
Overproduction of SeP has been correlated with 
the severity of IR in adults with prediabetes and 
T2DM by impairing insulin signaling in the liver 
and muscle [280–283]. Further, downregulation 
of SeP in livers of mice with T2DM resulted in 
improvements in glucose tolerance and insulin 
sensitivity via the AMPK-FOXO1α(alpha) path-
way. This mechanism is supported in animals 
treated with adiponectin and salsalate [284].

In young children (9  years old), however, 
increased SeP was associated with a decreased 
risk profile for metabolic syndrome and correlated 
negatively with insulin and HOMA-IR [285]. This 
negative correlation is supported by studies in 
mice, rats, and primary rat adipocytes showing 
inverse associations with adipogenesis, obesity, 
and IR—likely due to its role as an antioxidant 
[286]. The discrepancy may partially arise from 
wide ranges of selenium in various geological and 
climate environments, as well as sources of food 
and fodder resulting in extremes of deficiency and 
excess [275]. There is evidence that both condi-
tions may contribute to IR and risk of 
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T2DM.  Further complicating the matter, the 
expression of SeP and gluconeogenic enzymes, 
such as glucose-6-phosphatase, is intimately 
linked through PGC1-α(alpha)/Foxo1α(alpha) and 
S-adenosyl methionine-dependent protein meth-
ylation [275]. Given the role of SeP in oxidative 
stress, the degree of systemic inflammation may 
also explain differences in populations at different 
stages of metabolic dysfunction. Plasma selenium 
and the expression of SeP is typically reduced in 
the inflammatory state with implications for 
peripheral, insulin-sensitive tissues [275]. As with 
many nutrients, there may be a U-shaped associa-
tion between selenium and its metabolic pathways 
and the associated pathologies.

 Steroid Hormone-Binding Globulin 
(SHBG)

Canonically considered a sex hormone transport 
protein, steroid hormone-binding globulin 
(SHBG) has also been observed in relation to IR, 
namely, low SHBG levels are associated with 
increased risk of IR and T2DM [287–289]. 
SHBG is a 90 kDa glycoprotein primarily syn-
thesized in the liver. It has two subunits and two 
steroid binding sites with varying affinity for tes-
tosterone and estradiol [290]. Liganded SHBG 
does not bind to the SHBG receptor, supporting 
the idea that SHBG has a role in activities unre-
lated to sex hormones [291]. Circulating SHBG 
is inversely associated with HbA1c in both men 
and women without diabetes [292, 293], and 
cross-sectional and longitudinal studies report 
increased risk of developing T2DM with low 
SHBG concentrations [294].

In children, SHBG rises, plateaus, and then 
declines before puberty, potentially because of 
changes in adiposity. Cross-sectional studies of 
children and adolescents have found an inverse 
relationship between SHBG levels and insulin 
sensitivity based on oral glucose tolerance tests 
[295] and HOMA-IR [296]. However, adiposity 
may also be implicated in decreased SHBG and 
IR in obese children [297]. The EarlyBird study, 
an observational study of the childhood origins of 
metabolic disease, measured SHBG in children 

longitudinally from ages 5 through 15  years 
[298]. They confirmed the decline in SHBG 
before puberty in girls and boys, but were unable 
to make a direct association between SHBG and 
insulin. Various models controlling for BMI 
revealed that adiposity was the driving factor 
behind SHBG levels across the study. As with the 
sex hormones themselves, the use of SHBG as a 
biomarker for IR is complicated by developmen-
tal stage and adiposity.

 Gut Microbiota

Based initially on the observation that germ-free 
mice have reduced adiposity that can be reversed 
by colonization with gut microbiota from nor-
mal mice [299], the trillions of organisms that 
inhabit the gut are now recognized as significant 
contributors to metabolic health. The gut micro-
biota is integral to energy harvest and produc-
tion and metabolism of numerous molecules 
entering the gut. Products of gut microbial 
metabolism have activities in the gut tissue itself 
as well as systemically via entry into portal and 
then systemic circulation. Therefore, gut ecol-
ogy likely regulates metabolism both directly 
and indirectly. This is a complex and evolving 
relationship and less is known in children than 
animal studies and adults. The current state of 
knowledge is covered nicely in a series of papers 
in the Journal of Physiology. Some of the best-
studied mediators include components of the 
bacteria themselves (lipopolysaccharides, LPS) 
and their metabolic products, angiopoietin-like 
protein-4 (ANGPTL4), bile acids (BA), and 
short-chain fatty acids (SCFA).

Much of this work has been in animal models 
and is inconsistent. However, human studies have 
linked bacterial profiles with increased capacity 
for branched-chain amino acid (BCAA) produc-
tion and IR in nondiabetic subjects [300]. 
Mastrangelo et al. also observed greater concen-
trations of the conjugated bile acids, glycodeoxy-
cholate and taurodeoxycholate, in obese boys and 
girls aged 5–11 years [32]. Primary bile acids are 
produced in the liver and are metabolized by gut 
microbiota to form secondary bile acids. In 
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addition to their role in the emulsification and 
absorption of dietary fatty acids, bile acids act 
through the farnesoid X receptor (FXR) and G 
protein- coupled bile acid receptor 5 (TGR5) to 
modulate bile acid, lipid, glucose, and energy 
metabolism, as well as intestinal hormone secre-
tion and inflammation. Disruptions in the gut 
microbiota may therefore play a significant role 
in metabolic disease [301]. New technologies in 
bacterial identification and metabolic profiling 
will enable thorough investigation of these 
pathways.

 Summary

IR is a multi-organ disorder. Cross talk between 
organs (Fig. 11.1) [32] and compensatory mecha-
nisms in different stages of obesity and IR [165, 
210], as well as different stages of growth and 
puberty, makes establishing biomarkers that are 

predictive of dysfunction difficult in children and 
adolescents. While the body of work in this area 
is steadily growing, inconsistencies between 
studies arise from variations in the subject popu-
lations (age, developmental stage, race, geogra-
phy), study design (cross-sectional, longitudinal, 
intervention), and methodology (mass spectros-
copy, glucose tolerance test, hyperinsulinemic- 
euglycemic clamp). Despite these variables, 
central carbon metabolism and inflammation are 
the most consistent processes modified in obese 
children and adolescents with impaired insulin 
signaling.

Advancements in technology (i.e., metabolo-
mics, metagenomics) are allowing more detailed 
analyses in minimally invasive samples, such as 
blood, saliva, and stool. These developments 
should improve study participation, compliance, 
and reliability in young participants and accel-
erate the rate of biomarker discovery. 
Extracellular RNAs (exRNAs) are also being 
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investigated for their role in glucose homeosta-
sis, but there is much work to do in this burgeon-
ing field [302]. Early identification of predictive 
biomarkers of IR and other metabolic derange-
ments may help mitigate the development of 
chronic disease.
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Insulin Resistance 
and Cardiovascular Disease

Jessica E. Haley and Elaine M. Urbina

 Introduction

The worldwide prevalence of obesity doubled 
from 1980 to 2008 [1]. Obesity is associated 
with the development of insulin resistance (IR) 
and the prevalence of IR among adults in the 
United States increased from 25.8% in 1988–
1994 to 34.8% in 1999–2002—an increase of 
35% [2]. A similar trend is occurring in the 
pediatric population, with the prevalence of 
IR in obese adolescents in the United States 
now reported as 52.1%, according to data col-
lected from the National Health and Nutrition 
Examination Survey (NHANES) 1999–2002 
[3]. Worldwide, the documented prevalence 
of  IR in obese children ranges from 29.1% to 
47% [4–8].

 Epidemiology of Cardiovascular 
Disease in Adults with Insulin 
Resistance

It is well recognized that hypertension, dyslipid-
emia, and obesity increase the risk for hard car-
diovascular (CV) events in adults. Hypertension 
is associated with a 1.6–2.8 times increased risk 
of cardiovascular disease (CVD) [9–11], dyslip-
idemia (low HDL or high triglycerides) increases 
the risk of CVD by 1.7 (P ≤ 0.001), while obe-
sity is associated with a 1.4 times increased risk 
(trend only, P = 0.07) [9]. However, risk factor 
clustering associated with IR in metabolic syn-
drome (MS) leads to a greater number of events 
than if only a single risk factor is present. Based 
on the World Health Organization (WHO) defini-
tion of metabolic syndrome, patients with meta-
bolic syndrome have a threefold increased risk 
of cardiovascular disease compared to patients 
without the syndrome, [9] a risk that is above and 
beyond the risk imparted by individual cardio-
vascular risk factors (CVRFs).

Although clinical CVD is rare in the pediatric 
population, CVRFs can be identified in this age 
group that can predict future cardiovascular risk 
in adulthood. Obesity, dyslipidemia, hyperinsu-
linemia, and elevated blood pressure when found 
during childhood commonly persist into adult-
hood [12, 13]. More importantly, in addition to 
individual CVRFs, clusters of these risk factors 
track strongly into adulthood [12]. Specifically, 
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clustering of hypertension, obesity, and dys-
lipidemia occurs more commonly in pediatric 
patients with persistently elevated serum insulin 
concentrations than in patients without hyperin-
sulinemia [13] and the prevalence of individual 
CVRFs in this population increases with decreas-
ing insulin sensitivity [14]. Pediatric patients 
with insulin- resistant obesity are more likely 
to develop metabolic syndrome as adults than 
patients with insulin-sensitive obesity [15]. IR in 
youth is therefore an important risk factor for the 
development of CVD later in life.

 Mechanisms Leading to Increased 
Cardiovascular Disease Risk 
with Insulin Resistance

There are numerous proposed mechanisms to 
explain the association between IR and early 
CVD. One such mechanism is at the level of the 
vascular endothelium. In the nondiseased state, 
vascular tone is determined by the balance of 
opposing forces of vasoconstriction and vasodi-
lation mediated by endothelin and nitric oxide 

(NO) production, respectively [16, 17]. Insulin 
acts through insulin receptors on the vascular 
endothelium to stimulate both NO production 
(by stimulating insulin receptor substrate one-
half/phosphatidylinositol 3-kinase [IRS½/PI3K] 
signaling) and endothelin (ET-1) production (via 
Ras/mitogen-activated protein kinase [MAPK]-
dependent signaling). Under normal conditions, 
this results in net vasodilation, thus increasing 
delivery of insulin and glucose to skeletal muscle 
[18]. Animal models have shown that in the set-
ting of IR there is reduced activation of the NO 
signaling pathway and enhanced activation of 
endothelin pathway, resulting in vasoconstric-
tion instead of vasodilation (Fig. 12.1) [19, 20]. 
This vasoconstriction in IR is due to selective 
impairment of IRS½/PI3K signaling leading to 
an attenuated NO-mediated dilation, while the 
Ras/MAPK-dependent pathway remains unaf-
fected [21, 22]. In a study of human umbilical 
vein endothelial cells, selective insulin resis-
tance was mimicked by blocking PI3K. The cells 
were subsequently exposed to increasing con-
centrations of insulin. The resulting “selective 
insulin- resistant” state resulted in upregulation of 

Fig. 12.1 Complex relationships among obesity, insulin resistance, atherogenesis, and hypertension. (Adapted from 
Feldstein et al. [20])

J. E. Haley and E. M. Urbina



197

vascular cell adhesion molecule-1 and E-selectin, 
as well as increased adhesion of monocytes to 
endothelial cells [23], the actions of which begin 
the process of atherogenesis [24]. Similarly, the 
peptide resistin—found in macrophages, mono-
nuclear leukocytes, and human bone marrow—
has been found to promote vasoconstriction in 
the setting of IR, by stimulating ET-1 production, 
leading to vasoconstriction [25]. This imbalance 
in vasodilatory and vasoconstrictive factors is 
a key feature of IR [18] and results in systemic 
hypertension, a known risk factor for the devel-
opment of CVD [26].

Resistin also upregulates adhesion molecules 
and chemokines, resulting in a proinflammatory 
state, while NO attenuates production of proin-
flammatory cytokines, decreases expression of 
vascular cell adhesion molecules, limits leuko-
cyte recruitment, inhibits vascular smooth muscle 
cell proliferation, opposes apoptosis, attenuates 
platelet aggregation, and reduces monocyte adhe-
sion to the vascular wall [27]. Therefore, in the 
setting of IR and decreased NO production, there 
is an increase in proinflammatory and prothrom-
botic factors that contribute to vascular dysfunc-
tion and atherosclerosis (Fig. 12.1) [20, 22].

The adipocyte has been found to be an impor-
tant secretory organ for bioactive molecules [25, 
28]. Many adipocyte-derived hormones have met-
abolic and vascular actions. Adiponectin is one 
such hormone with anti-inflammatory and vaso-
dilatory actions similar to insulin. Specifically, 
adiponectin stimulates NO production, enhances 
NO bioavailability by upregulating endothelial 
nitric oxide synthase (eNOS) expression, and 
reduces reactive oxygen species production in 
endothelial cells [29]. Adiponectin accumulates 
in injured vessel walls and inhibits tissue necro-
sis factor alpha (TNF-α)-induced cell adhesion 
in human aortic endothelial cells [30], resulting 
in an antiatherogenic effect. Adiponectin inhibits 
the proliferation of myelomonocytic progenitors, 
as well as the phagocytic activity and TNF-α pro-
duction by macrophages, both of which contribute 
to the anti-inflammatory effects [31]. Decreased 
adiponectin concentrations are observed in obe-
sity, insulin resistance, and CVD [32], which 
may explain in part the increased incidence of 

vascular disease in these disease states (Fig. 12.1) 
[20]. Leptin, another adipocyte- derived hormone, 
has similar direct vascular action. Like insulin, 
under normal conditions, leptin induces vasodi-
lation through a PI3K/eNOS pathway [33]. In 
insulin-resistant states, leptin levels are found to 
be chronically elevated and potentiate the pressor 
effects of hyperinsulinemia, resulting in hyper-
tension (Fig. 12.1) [20, 34]. This further supports 
the concept of adipocyte–endothelial interaction 
in the setting of IR, resulting in endothelial dys-
function and CVD.

Hyperglycemia has also been implicated in 
endothelial dysfunction through several mecha-
nisms, including inducing an increase in reac-
tive oxygen species production [22]. This may 
occur through activation of the nicotinamide 
adenine dinucleotide phosphate (NADPH) oxi-
dase pathway, leakage of mitochondrial elec-
tron transport chain, or uncoupling of nitric 
oxide synthase [35]. The greater oxidative stress 
induced by these reactive oxygen species results 
in decreased bioavailability of the vasodilatory 
NO, which has been associated with cardiomyo-
cyte hypertrophy [22].

Another mechanism by which elevated glu-
cose affects vascular parameters is through the 
activation of the hexosamine biosynthetic path-
way, which leads to increased production of glu-
cosamine, a substance that impairs endothelial 
NO production [22]. Hyperglycemia also leads 
to the formation of advanced glycation end prod-
ucts (AGEs) that occur when excess glucose 
combines with free amino acids. Studies have 
shown specific procoagulatory changes occur 
when AGEs interact with the endothelial receptor 
for AGE (RAGE). Specifically, this interaction 
results in reduction of thrombomodulin activity, 
which prevents activation of the anticoagulatory 
protein C pathway [36]. This ligand–receptor 
interaction also results in increased tissue factor 
activity, which activates coagulation factors IX 
and X through the binding of factor VIIa [36], 
another procoagulatory effect. In both human 
and animal models, AGEs have also been found 
to inactivate NO in a dose-dependent fashion [36, 
37]. Studies of diabetic animals have correlated 
defective vasodilatory response to NO with levels 

12 Insulin Resistance and Cardiovascular Disease



198

of AGE. This defect was prevented in the same 
animal models by inhibiting AGE formation 
[37]. AGEs are also known to create abnormal 
cross- linking in collagen and elastin fibers [38], 
leading to increased arterial stiffness, a risk fac-
tor for development of left ventricular hypertro-
phy (LVH) [39]. LVH in turn is an independent 
risk factor for myocardial infarction in adults 
[40]. This may explain the observation that an 
increased pulse wave velocity (PWV) (measure 
of arterial stiffness) in adults in the Framingham 
Heart Study predicted incident CV events in only 
7.8 years of follow-up [41].

 Mechanisms for Effect of Insulin 
Resistance on Cardiac Structure 
and Function

Another proposed mechanism for insulin-
induced cardiac hypertrophy is through the 
binding of insulin to insulin-like growth factor 
(IGF-1) receptor in the hyperinsulinemic state, 
which is possible due to structural similarity 
between insulin and IGF-1 [42]. Animal models 
have shown that increased IGF-1 binding stimu-
lates cell proliferation and hypertrophy of neona-
tal cardiac myocytes [43].

 Impact of Insulin Resistance 
on Renal and Neurologic Control 
of Blood Pressure

Insulin is known to affect renal sodium transport 
[44]. In healthy adults, urinary sodium excretion 
decreased significantly in subjects within 60 min-
utes of starting an insulin infusion secondary to 
increased sodium reabsorption in the distal neph-
ron, despite maintenance of euglycemia [45]. The 
effect of insulin infusion on sodium reabsorption 
is preserved in the insulin-resistant state [44, 46]. 
One investigation found that subjects with meta-
bolic syndrome had greater sodium reabsorption 
than the control subjects [47], resulting in a state 
of sodium overload and subsequent hyperten-
sion. In addition to increased sodium reabsorp-
tion, insulin has been found to increase levels of 

sympathetic nervous system activity [48, 49]. In 
a study by Rowe, nonobese male subjects receiv-
ing a constant infusion of insulin at varying rates 
were found to have dose- dependent increases in 
plasma norepinephrine, resulting in increased 
pulse pressure [48]—a measure that reflects 
increased arterial stiffness [50]. The sympathetic 
stimulant effects of insulin were also found in a 
group of insulin-resistant patients [51], suggest-
ing a possible connection between chronic IR 
and hypertension, although the exact mechanism 
is unknown (Fig. 12.1) [20, 51].

 Evidence for Target Organ Damage 
in Youth with Insulin Resistance

Despite the lack of hard CV events in children 
with IR, a growing body of evidence suggests 
that insulin resistance in youth results in target 
organ damage (TOD) in adulthood [52]. TOD is 
now being demonstrated at a much younger age 
in subjects with IR [39, 52–58].

 Vascular Involvement

In addition to cardiac remodeling, IR has been 
associated with abnormal vascular structure 
and function in the pediatric population, includ-
ing increased carotid intima-media thickness 
(cIMT). In a study of more than 250 adolescents 
(mean age 15 years), Ryder et al. found a graded 
increase in cIMT across tertiles of body mass 
index (BMI), visceral adipose tissue (measured 
by computed tomography [CT]), and IR from 
glucose clamp measurements [56]. Similarly, 
Akyol et  al. found a progressive increase in 
carotid IMT in adolescents across the spectrum 
from lean to obese to obese with metabolic syn-
drome (Fig. 12.2) [59]. Endothelial dysfunction, 
as measured by brachial artery flow-mediated 
dilation (FMD), is also reduced in young sub-
jects with IR [57]. In prepubertal obese children, 
IR (as measured by homeostatic model assess-
ment of insulin resistance [HOMA-IR]) was 
also associated with increased PWV, a measure 
of arterial stiffness [58]. However, it is not clear 
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whether this association remains independent of 
obesity. Correia-Costa et al. [58] found the rela-
tionship between HOMA-IR and PWV remained 
significant in multivariable models adjusting for 
adiposity in prepubertal children while the rela-
tionship was lost after adjustment in adolescents 
[60]. The relationship between IR and arterial 
parameters in youth are relevant because adult 
studies have shown a direct association between 
increasing cIMT and rate of stroke or myocardial 
infarction [61], between PWV and incident CVD 
[41, 62], as well as increased CV event rates in 
adults with metabolic syndrome and decreased 
FMD [63]. Disturbingly, adolescents with 
increased arterial stiffness already demonstrate 
increased left ventricular mass (LVM) [39]. Our 
recent analyses also demonstrated a significant 
linear regression of global strain on common 
carotid artery cIMT [64], indicating worsening 
cardiac systolic function with increased arterial 
thickness (Fig. 12.3) and suggesting that vascu-
lar dysfunction may provide the link between IR 
and cardiac involvement.

 Cardiac Involvement

In obese youth with metabolic syndrome, IR is 
associated with increased LVM.  However, only 
obese youth were evaluated so whether this effect 
is independent of adiposity could not be tested 

[54, 55]. Investigators in the Bogalusa Heart 
Study also found that fasting insulin was related 
to LVM index, though only in obese adolescents, 
suggesting that insulin may be a permissive factor 
affecting heart mass, only active in the presence 
of obesity and its concomitant CV risk factors 
[53]. IR is also associated with left ventricular 
diastolic dysfunction in obese adolescent males, 
which is indicative of impaired myocardial relax-
ation [65].

Fig. 12.2 Progressive 
increase in carotid 
intima-media thickness 
(cIMT) in youth across 
the spectrum from lean 
to obese to obese with 
metabolic syndrome. 
P < 0.01 versus control. 
(Adapted from Akyol 
et al. [59])

Fig. 12.3 Relationship between cardiac function and 
arterial thickness (regression mean and 95% CI; 
R2 = 0.34 in model adjusted for age, sex, BMI, MAP, and 
HDL, P for slope differs from zero < 0.0001) [64]
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 Treatment of Insulin Resistance 
for Prevention of Cardiovascular 
Disease

In order to reduce CVD in adults, CV risk must 
be addressed in youth. The 2011 NIH guidelines 
on CV risk reduction in youth provides an evi-
dence base for identifying and managing major 
CV risk factors from infancy to young adult-
hood [66]. Many of the interventions focusing 
on CVRF reduction have been shown to improve 
insulin sensitivity and, thus, decrease the CV 
risks associated with IR [67] and may have a ben-
eficial effect on CV target organ damage.

 Weight Loss

Weight loss is associated with a decrease in 
obesity- related comorbidities, including IR [67, 
68]. Rocchini et al. found that the improvement 
in blood pressure in obese adolescents after an 
exercise program paralleled an improvement in 
insulin sensitivity, independent of weight loss 
[67]. Weight loss has also been shown to lead to 
improvement in cIMT [69], directly related to 
the magnitude of BMI reduction, and associated 
with reduction in BP [69]. This improvement in 
cIMT associated with weight loss is thought to 
be secondary to an associated improvement in 
IR that is commonly seen with decreased body 
weight. This is supported by the study in obese 
adolescents by de Lima Sanches, which demon-

strated that a reduction in HOMA-IR predicted 
regression of cIMT independent of other CVRFs 
[70]. Similarly, Sanches found that after a 1-year 
weight loss program, subjects with IR at baseline 
had less regression of cIMT than a more insulin- 
sensitive group despite a larger drop in BMI in 
the IR group (Fig. 12.4) [71].

 Physical Activity

There is growing evidence that exercise training 
alone, without calorie restriction or significant 
weight loss, improves insulin sensitivity in obese 
children and adolescents [72–76]. A few pediat-
ric studies have examined the effect of physical 
activity on cardiac and vascular function. One 
study found that increased vigorous physical 
activity (as determined by accelerometry) over 
a 5-year period resulted in significantly smaller 
age-related increase in PWV (Urbina, unpub-
lished data, 2019). Similarly, Watts et  al. stud-
ied a group of obese adolescents with baseline 
impaired FMD and found that FMD improved 
with circuit training [77]. Physical activity has 
also been shown to improve cardiac function 
in obese adolescents. Ingul et  al. demonstrated 
improvement in systolic and diastolic cardiac 
function after 3  months of aerobic training in 
obese adolescents [78]. Unfortunately, none of 
these studies on physical activity evaluated the 
effect of change in IR on improvement in CV tar-
get organ damage.

Fig. 12.4 Influence of 
insulin resistance (IR) 
on regression of carotid 
intima-media thickness 
(cIMT) after weight loss 
program. P ≤ 0.05 for 
difference ∗from 
baseline, †by IR status. 
(Adapted from Sanches 
et al. [71])
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 Diet

Adherence to the Mediterranean diet has a well- 
documented effect of decreasing the incidence 
of CVD in adult subjects [79, 80]. The reduction 
in CVD provided by the Mediterranean diet may 
be due to a decrease in IR and improvement in 
endothelial function, as seen in a 2-year interven-
tion in adults with metabolic syndrome where IR 
improved with a corresponding reduction in the 
levels of inflammation and endothelial function 
score (BP response to l-arginine infusion) [81]. 
A similar study in obese adolescents revealed 
improvement in BMI, glucose, and lipid profile 
after a 1-week diet intervention [82]. Studies are 
lacking in the adolescent population pertaining to 
changes in vascular function—an area requiring 
further study.

 Insulin-Sensitizing Medications

The thiazolidinediones (TZD) have been used in 
the treatment of type 2 diabetes to improve insu-
lin sensitivity [83]. These drugs target the per-
oxisome proliferator-activated receptor gamma 
(PPARγ) found on vascular muscle [84] and 
endothelium [85], and through direct binding 
to the receptor, improve insulin sensitivity [83]. 
Animal models have found that rosiglitazone 
leads to improved endothelial function, as shown 
by improved vasodilation compared to untreated 
mice [86]. The effects of rosiglitazone were 
evaluated in a group of obese adolescent females 
with polycystic ovary syndrome (PCOS). After 
6 months of treatment, despite improved insulin 
sensitivity and decreased visceral adipose tissue, 
there was no significant change in cIMT or PWV 
[87]. However, such a short intervention may be 
inadequate to demonstrate a significant change 
in arterial stiffness. Ibáñez et al. treated adoles-
cent females with PCOS with either estrogen or 
insulin- sensitizing medications (pioglitazone, 
metformin, and flutamide) for 18  months and 
saw cIMT regression in the group treated with 
insulin- sensitizing medication [88].

No studies have been conducted evaluating 
the effect of insulin-sensitizing treatment on car-
diac structure and function. However, in bariat-
ric surgery patients, after significant reduction 
in adiposity (as measured by BMI), there was an 
associated regression of left ventricular hypertro-
phy and improvement in diastolic function [89]. 
Improvement in IR may play a role since it is 
known that there is significant improvement in 
metabolic parameters in teens undergoing surgi-
cal weight loss [90].

 Gaps in Knowledge

Although there are many proposed mechanisms 
linking IR to the cardiovascular system, it is 
unclear which of these pathways contribute more 
to overall cardiovascular risk across the life span. 
Therefore, designing more targeted treatment to 
prevent CVD is challenging. Another area that 
is in need of more study is in noninvasive vas-
cular imaging in youth. Issues include the lack 
of normative data and standardization of pro-
tocols, making comparison of results difficult. 
Subsequently, vascular testing for risk stratifi-
cation and monitoring of treatment response or 
progression of disease cannot be recommended 
clinically in pediatric patients at this time. Data 
is also lacking on the relative efficacy, risks, and 
economic burden of the various treatments for 
IR on both intermediate measures of target organ 
damage and eventual cardiovascular events in 
adulthood.

 Summary

IR is associated with increased CV risk through 
a variety of mechanisms. There is evidence that 
IR in youth causes deleterious changes in target 
organ damage. Limited data suggest treatment 
of IR may improve these intermediate markers 
of CVD.  Therefore, diagnosis and treatment of 
IR in youth is imperative to prevent future heart 
attack and stroke.
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 Introduction

Recognition of a link between insulin resis-
tance (IR) and liver disease dates back at least 
100  years to the term “hepatogenous diabetes,” 
which describes the association between cirrho-
sis and development of diabetes [1], and more 
recently to the term “diabetic fatty liver,” which 
antedated the now more common terms “nonalco-
holic steatohepatitis” (NASH) and “nonalcoholic 
fatty liver disease” (NAFLD). These terms were 
introduced in the 1980s and 1990s, respectively. 
Since their introduction, the ever-rising preva-
lence of obesity has brought increased attention 
to these disorders as the hepatic manifestation of 
“metabolic” or “insulin resistance” syndrome. 
Indeed, IR appears to be the common link among 

metabolic syndrome, obesity, and nonalcoholic 
fatty liver. Metabolic alterations and hepatic ste-
atosis can develop in the insulin-resistant state 
in the absence of and prior to diabetes mellitus. 
Moreover, it is now known that IR correlates with 
increasing fibrosis in other liver diseases includ-
ing hepatitis C.

These pathological relationships have raised 
a now-common issue: “Does insulin resistance 
cause fatty liver or does fatty liver cause insu-
lin resistance?” Below, we will discuss why the 
answer to this complicated “either  – or” meta-
bolic question is actually “yes.” In other words, 
fatty liver both results from IR and contributes 
to the problem. In order to better understand the 
relationship between IR and fatty liver disease, 
it is best to consider them in light of the most 
basic actions of insulin and other co-variables 
important in energy homeostasis and, perhaps, 
to consider the most fundamental disturbance in 
pathological IR states—disturbed intracellular 
fatty acid metabolism that leads to “lipotoxicity” 
or cellular injury due to the excessive accumu-
lation of triglycerides and fatty acids and their 
subsequent oxidation. By understanding the nor-
mal flux of glucose and lipid between the major 
targets of insulin (adipose, muscle, and liver) 
and how IR relates to fatty liver disease, we can 
hopefully identify possibilities for early thera-
peutic intervention. Moreover, integration of 
the hepatologist’s knowledge of human hepatic 
pathology and pathophysiology coupled to the 
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endocrinologist’s knowledge of insulin signaling 
and the associated metabolism of glucose and fat 
is essential in managing the growing problem of 
liver disease associated with the IR syndrome.

 Normal Glucose and Lipid Flux 
in the Fed and Fasting States

The liver plays a central role in maintaining energy 
homeostasis. It is the major source of glucose pro-
duction through glycogenolysis and gluconeogen-
esis. Overall, glucose homeostasis occurs through 
a balance between energy supply and demands 
from key organs (muscle, adipose, brain, and 
liver) and differs in the fed versus fasting state. In 
the fasting state, rates of glucose production and 
utilization are equal. In this state, 50% of glucose 
disposal occurs in the brain, 25% occurs in the 
splanchnic area, and 25% occurs in muscles [2]. 
The liver meets its glucose demands through gly-
cogenolysis and later through gluconeogenesis 
if fasting is prolonged beyond 10–18  h. While 
other organs are able to synthesize and hydrolyze 
glycogen, only the liver and kidney express glu-
cose-6-phosphatase, the enzyme required for the 
release of glucose into the circulation.

Adipose tissue stores of triglycerides are an 
important source of energy during fasting through 
the release of stored fatty acids by hormone- 
sensitive lipase (which is normally inhibited in the 
fed state by insulin). Once cleaved from glycerol, 
albumin-bound fatty acids are delivered to other 
tissues via the fatty acid-binding protein (FABP), 
which facilitates movement of fatty acids into 
the cell. There they can then undergo oxidation 
to provide adenosine triphosphate (ATP) for cel-
lular activity, while glycerol is either used to re-
synthesize triglyceride or is converted to glucose 
through gluconeogenesis in the liver.

During periods of abundant calorie intake, 
excess glucose is converted to lipids, which are 
either stored as triglycerides or incorporated into 
lipoproteins (i.e., very low-density lipoproteins 
(VLDL)) to be exported out of the liver. De novo 
fatty acid synthesis from dietary carbohydrate 
occurs primarily in the liver, in lactating mam-
mary glands, and to a lesser extent in the adipose 
tissue. In the fed state, triglycerides are synthe-

sized within adipocytes through the action of 
lipoprotein lipase.

 Hormonal Regulation: Insulin, 
Glucagon, and the Insulin Receptor 
Signaling Pathway

Under normal conditions, plasma glucose con-
centration is tightly maintained despite wide 
fluctuations in glucose supply and utilization dur-
ing different states (fasting, fed, exercise, rest). 
Regulation is achieved through the competing 
hormones, insulin, glucagon, and epinephrine, 
and is heavily influenced by the activity of adipo-
kines from adipose tissue and, more fundamen-
tally, by the action of increased intracellular fatty 
acids that alter insulin signaling.

 Insulin
Insulin is an anabolic hormone that regulates glu-
cose homeostasis through actions on three inte-
grated target tissues: liver, muscle, and adipose. 
It stimulates cell growth and differentiation, 
promotes storage of substrates in liver, fat, and 
muscle through lipogenesis as well as glycogen 
and protein synthesis, and inhibits lipolysis, gly-
cogenolysis, and protein breakdown. Following 
a meal, one-third of the glucose is delivered to 
the liver, one-third to muscle and adipose, and 
one- third to non-insulin-dependent tissues (i.e., 
brain). A rise in plasma glucose concentration 
stimulates the release of insulin from pancreatic 
β(beta)-cells. The liver removes 60% of the insu-
lin that enters through the portal vein. Peripheral 
insulin mediates glucose uptake, glycolysis, and 
conversion to glycogen in muscle and adipose tis-
sue. Most of the glucose delivered to peripheral 
tissues is utilized by muscle (80–85%), whereas 
only a small amount (4–5%) is metabolized in 
adipose [2]. While glucose disposal in adipose 
tissue is relatively low compared to muscle, adi-
pose tissue plays a key role in overall glucose 
homeostasis through the release of free fatty 
acids (FFAs) and expression of adipokines, as 
will be discussed below.

Insulin regulates glucose metabolism in the 
liver through both direct and indirect means. 
Direct effects on the liver result in decreased 
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glycogenolysis and gluconeogenesis by decreas-
ing transcription and suppressing the activity 
of phosphoenolpyruvate carboxylase (PEPCK) 
and glucose-6-phosphatase (G-6-Pase), which 
are key enzymes involved in gluconeogenesis 
[3]. Indirect effects result from insulin’s action 
on peripheral tissues. Insulin causes peripheral 
uptake of glucose in adipose and muscle tissue 
by stimulating translocation of the transporter 
GLUT 4 to the plasma membrane [4]. Insulin is 
anabolic in muscle by promoting glycogen and 
lipid synthesis while suppressing lipolysis and 
gluconeogenesis. Insulin promotes triglyceride 
storage and decreased FFA release in adipose 
tissue. The combined effects of insulin on mus-
cle and adipose tissue result in decreased FFA 
influx into liver, which indirectly leads to less 
gluconeogenesis.

 Glucagon and Epinephrine
Glucagon is a polypeptide secreted by α(alpha)-
cells of the pancreas. Under physiologic 
conditions, it acts on the liver by activating gly-
cogenolysis and has a relatively small role in 

gluconeogenesis. Glucagon favors partitioning 
of FFAs released by adipose tissue to oxidation 
in the liver to acetyl CoA, which can be used 
to form ketone bodies. Stress hormones includ-
ing epinephrine, cortisol, and growth hormone 
increase glucose through stimulation of hepatic 
gluconeogenesis [5]. Epinephrine is also espe-
cially important in activating adenylate cyclase in 
the adipocyte membrane, which results in the for-
mation of 3,5′-cyclic adenosine monophosphate 
(AMP) that leads to lipolysis through activation 
of hormone-sensitive lipase.

 Insulin Receptor Signaling Pathway
The insulin receptor is a tetramer composed 
of 2 extracellular α(alpha)-units bound to 2 
membrane- spanning β(beta)-units (Fig.  13.1). 
Activation begins with binding of insulin to the 
α(alpha)-subunit, which then triggers autophos-
phorylation of the β(beta)-subunit. Tyrosine 
kinase-mediated phosphorylation of the insulin 
receptor substrate (IRS) then triggers a cascade 
of pathways that differ depending upon the tar-
get tissue and the specific IRS type [6, 7]. Four 
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Fig. 13.1 Insulin receptor signaling pathway. Insulin 
binds to a four-subunit membrane-spanning receptor, 
triggering tyrosine phosphorylation of the beta subunit, 
which results in a signaling cascade with combined end-
points: (a) translocation of the GLUT-4 glucose trans-

porter; (b) metabolic effects mediated through steroid 
regulatory element-binding protein (SREBP); and (c) 
mitogenic effects (growth, cell differentiation) through 
activation of the mitogen-activated protein kinase 
(MAPK) pathway
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different types of IRS proteins have been identi-
fied: IRS 1 (skeletal muscle), IRS 2 (liver), IRS 
3 (adipose, β[beta]-cells, liver), and IRS 4 (thy-
mus, brain, kidney) [8]. Binding of insulin to IRS 
proteins in muscle and adipose activates phos-
phatidylinositol 3-kinase (PI3K), which leads 
to translocation of GLUT 4 glucose transporter 
proteins to the cell membrane, resulting in an 
increase in transport of glucose into cells.

Unlike in muscle and adipose tissue, glucose 
transport in the liver occurs through the GLUT 2 
transporter, which is not affected by insulin. This 
is an important distinction, as failure of insulin 
to suppress endogenous glucose production by 
the hepatocyte constitutes one of the pillars of 
the insulin-resistant state. This nondependence 
of the hepatocyte on insulin for glucose uptake 
may in fact allow the liver to function as some-
thing of a sink for excess glucose. Insulin signal-
ing by PI3K in the liver appears to be important 
in activation of downstream expression of genes 
encoding enzymes involved in glycolysis, glyco-
gen synthesis, and lipid synthesis through steroid 
regulatory element-binding protein (SREBP)-1c. 
Gluconeogenesis is inhibited by altering gene 
expression by the forkhead family of transcrip-
tional factors (FoxA), while growth and cell 
differentiation effects of insulin are mediated 
through activation of the mitogen-activated pro-
tein kinase (MAPK) pathway via growth factor 
receptor-binding protein 2 (Grb2).

 The Insulin-Resistant State

 Insulin Resistance and Insulin 
Resistance Syndrome Defined

IR is defined as impaired response to normal or 
elevated insulin levels [9]. While it is often quan-
tified through the euglycemic clamp model [10] 
and homeostasis model assessment (HOMA) [11] 
or quantitative insulin sensitivity check index 
(QUICKI) assessments [12, 13], it is important 
to note that these only address the role of insulin 
in glucose metabolism. Using a modification of 
the fasting insulin and glucose-derived QUICKI, 
efforts have been made to incorporate fasting 

fatty acid levels to improve the measurement of 
IR [14]. However, all these tests have some inher-
ent limitations, although they remain clinically 
and experimentally very useful [15].

Insulin resistance syndrome has been defined 
by Reaven to encompass the multiple sequelae 
that result from the compensatory hyperinsu-
linemic state associated with IR.  This includes 
dyslipidemia, endothelial dysfunction, and 
alterations in procoagulant factors and markers 
of inflammation [16]. Clinical manifestations 
include diabetes mellitus, cardiovascular disease, 
hypertension, polycystic ovary syndrome, and 
NAFLD.

 Target Organ Alterations in IR

With the exception of specific genetic defects 
in the insulin receptor (leprechaunism, Rabson–
Mendenhall syndrome, type A syndrome of IR), 
IR results from the typical combination of predis-
posing genetic and environmental factors (e.g., 
excessive calorie intake for the level of physical 
activity). In the early stages of IR, compensa-
tory hyperinsulinemia maintains euglycemia. 
Progression to impaired glucose tolerance and 
later diabetes mellitus occurs when β(beta)-cells 
of the pancreas are no longer able to provide 
adequate insulin production. Thus, the develop-
ment of overt diabetes in insulin resistance syn-
drome depends on the vitality, or lack thereof, 
of the islet cells, and other target organ damage 
resulting from hyperinsulinemia may occur in the 
absence of diabetes mellitus.

Phenotypic manifestations of insulin resis-
tance syndrome are characterized by alterations 
in all 3 target tissues. In skeletal muscle, IR is 
associated with decreased glucose uptake (due 
to impaired translocation of GLUT4), decreased 
glycogen synthesis, and increased triglyceride 
accumulation [17]. In adipocytes, the major effect 
of IR is increased lipolysis with  uncontrolled 
release of FFAs [18]. Excess FFAs released by 
adipose tissue plays a role in mediating hepatic 
IR both directly by interfering with insulin 
receptor signaling [6], or indirectly by promot-
ing increased hepatic triglyceride accumulation 
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and subsequent hepatic steatosis. Hepatic IR, 
defined as impaired ability of insulin to sup-
press hepatic glucose output, can be viewed as 
a result of impaired response to insulin result-
ing from mediators released by peripheral tissue 
(FFAs and adipokines) or from causes within the 
liver itself (hepatic steatosis). The association of 
hepatic steatosis with IR may be bidirectional; 
products released by IR in the peripheral tissue 
(FFAs)  contribute to hepatic steatosis; however, 
hepatic steatosis itself also contributes to IR.

 Hepatic Steatosis: Is Fatty Liver 
a Cause, a Result, or Simply a Part 
of IR?

Epidemiologic studies support a direct associa-
tion between IR and NAFLD [19–21]. In non-
diabetic individuals, hepatic steatosis correlates 
directly with IR as measured by HOMA-IR [22]. 
A direct effect of hyperinsulinemia on hepatic 
steatosis is supported by the observation of a rim 
of subcapsular hepatic steatosis when insulin is 
added to peritoneal dialysate [23] and observation 
of hepatic steatosis following successful intra-
portal islet transplantation [24]. This provides 
evidence of a direct effect of hyperinsulinemia 
on lipogenesis and is supported by the evidence 
of increased de novo lipogenesis in individuals 
with NAFLD [25]. Insulin promotes lipogenesis 
through the activation of sterol response element-
binding protein (SREBP)—a major transcription 
factor that activates genes involved in lipogenesis 
[26]. Hepatic steatosis associated with IR also 
results from excess FFAs released by peripheral 
lipolysis [25, 27].

Whereas there is a clear association between 
hepatic steatosis and IR, evidence suggesting that 
hepatic steatosis may itself cause IR is less clear. 
Evidence in rats with fatty liver in the absence of 
peripheral IR suggests a direct correlation between 
hepatic fat accumulation and hepatic IR through 
stimulation of gluconeogenesis and impaired 
activation of glycogen synthase [28]. In humans, 
increased liver fat is associated with impairment 
of insulin-induced suppression of hepatic glucose 
output, independent of obesity and fat distribution 

[29]. However, hepatic steatosis is not invariably 
associated with IR. For example, individuals with 
hepatic steatosis in the setting of familial hetero-
zygous hypobetalipoproteinemia (FHBL) have 
normal HOMA-IR.  In addition, patients with 
exposure to petrochemicals have been clearly 
shown to develop fatty liver independent of IR, as 
measured by HOMA [30].

 Insulin Resistance in Disease States

 Nonalcoholic Fatty Liver Disease

NAFLD is common among individuals with obe-
sity and IR [31, 32], and its prevalence in the 
general population is expected to increase with 
rising obesity [33]. Pediatric cases of NAFLD 
are now being increasingly recognized and are an 
important public health concern [34]. The term 
NAFLD is used to include both simple hepatic 
steatosis without inflammation and NASH. The 
latter is defined by histologic findings of hepatic 
steatosis, inflammation, hepatocyte ballooning, 
and fibrosis [35], in conjunction with clinical 
and historical features, notably the absence of 
significant (>20 g daily) alcohol intake. Steatosis 
without inflammation is generally felt to carry a 
benign prognosis [36], whereas individuals with 
NASH can progress to cirrhosis and hepatocel-
lular carcinoma [37]. IR and its metabolic conse-
quences are the fundamental mechanisms leading 
to hepatic fat accumulation in NAFLD. However, 
only a subset of individuals with NAFLD has 
NASH.  A “two-hit” hypothesis has been pro-
posed as a pathophysiologic model to account for 
cellular injury, inflammation, and fibrosis beyond 
the simple hepatic steatosis observed in the sub-
set of individuals with NASH [38].

Fat accumulation associated with IR is the 
“first hit” in NASH and results from a derange-
ment in the physiologic mechanisms designed to 
maintain energy homeostasis. There is preferen-
tial activation of cellular pathways characteristic 
of calorie/macronutrient deficiency despite being 
in a state of excess. The liver, skeletal muscles, 
and adipose tissue all play roles in hepatic ste-
atogenesis and promotion of IR. The resistance 
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of visceral adipocytes to insulin’s anti-lipol-
ysis effects drives excess FFA accumulation. 
Additionally, escalated hepatic de novo lipid syn-
thesis, reduced fatty acid β(beta)-oxidation by 
hepatocyte mitochondria, and impaired hepatic 
VLDL export, promote FFA accumulation [39]. 
The cellular mechanisms by which these para-
doxical and maladaptive events occur involve 
a complex interplay between the insulin/gluca-
gon ratio and the cytokine milieu. These factors 
together modulate the transcription of the rel-
evant genes and activity of their target enzymes. 
The sterol regulatory element-binding protein 1c 
(SREBP 1c), carbohydrate-responsive element- 
binding protein (ChREBP), and peroxisome 
proliferator- activated receptors (PPAR) are three 
such transcription factors. PPARs promote lipid 
oxidation via increasing uptake of long-chain 
fatty acids in skeletal muscle and liver and pro-
moting their β(beta)-oxidation in mitochondria. 
Hepatic lipogenesis is enhanced via SREBP 1c 
and ChREBP, which are stimulated by insulin 
and glucose, respectively [40]. The biology of 
SREBP 1c provides a relevant example of the 
interrelationship between diet, cytokines, and the 
pathogenesis of NAFLD.  Glucose, sterol, and 
saturated fat consumption upregulates SREBP 1c 
synthesis, whereas intake of polyunsaturated fats 
has the opposite effect [41]. These nuclear tran-
scription factors are also impacted by cytokines 
released from adipose tissue, the so-called “adi-
pokines.” Adiponectin is an insulin-sensitizing 
adipokine, and animal models have demonstrated 
an inverse correlation between adiponectin and 
SREBP 1c levels [42]. The role of adipokines in 
NAFLD will be discussed in detail below in the 
context of obesity and IR.

The evolution of simple hepatic steatosis to 
NASH is characterized histologically by the 
appearance of cytologic ballooning, necroinflam-
mation, and pericellular fibrosis. The two-hit 
hypothesis accounts for this transition by propos-
ing additional insults that result in more severe 
hepatic manifestations of the metabolic syn-
drome. The inflammatory component of NASH 
is partially due to macrophage accumulation 
in visceral adipose tissue. These macrophages 
secrete pro-inflammatory cytokines, which fur-

ther promote IR, and contribute to trafficking 
of inflammatory cells to the steatotic liver [43]. 
The ensuing hepatocyte apoptosis results from 
oxidative stress related to reactive oxygen spe-
cies (ROS) accumulation and immune-mediated 
cytotoxicity. Mitochondrial dysfunction pro-
motes ROS formation, resulting in both cellular 
necrosis and a self-propagating feedback cycle 
from ROS stimulation of tumor necrosis factor-
alpha (TNF-α[alpha]) synthesis. TNF-α(alpha) 
and other pro-inflammatory cytokines potentiate 
mitochondrial dysfunction and promote the lym-
phocyte infiltration typical of NASH [40].

 The Role of Obesity in IR and NAFLD
While obesity is not essential for the develop-
ment of IR and NAFLD, the strong association 
among these three conditions may provide some 
understanding of how the liver, adipose tissue, 
and other sites of insulin action are related in the 
development of clinical manifestations observed 
in the insulin-resistant state. Epidemiologic 
studies clearly demonstrate a positive correla-
tion between increasing body mass index (BMI) 
and IR [44, 45]. Similarly, a positive association 
between obesity and NAFLD exists [46, 47]. 
Central to the understanding of how obesity plays 
a role in IR and NAFLD is the concept that adi-
pose tissue is not only an energy store but also 
serves a role as an endocrine organ through the 
release of circulating FFAs and adipokines. One 
might even go so far as to think of these circulat-
ing factors as part of a “vicious cycle” whereby 
they are both a contributor to, and a result of, IR.

Obesity is associated with elevated circulating 
FFA levels [48, 49] due to increased adipose mass 
as well as increased lipolysis due to IR. Increased 
FFA contributes to peripheral IR [50] via impair-
ment of GLUT-4-mediated glucose transport [51, 
52] and hepatic IR through competitive inhibition 
of IRS 2 signaling by diacylglycerol [53]. In vitro, 
FFAs promote hepatic IR by stimulating PEPCK 
and pyruvate carboxylase [54], key enzymes in 
gluconeogenesis, and by increasing the activity 
of glucose-6- phosphatase, the enzyme responsi-
ble for the release of glucose from the liver [55]. 
In vivo, increased serum FFA levels are associ-
ated with increased hepatic gluconeogenesis and 
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decreased glycogenolysis [54, 56, 57]. Increased 
FFAs associated with obesity and IR result in 
hepatic steatosis through increased triglyceride 
formation, increased de novo lipogenesis, and 
decreased secretion of apolipoprotein B, which 
results in decreased export of triglycerides out of 
the hepatocyte as VLDL [39].

Altered expression of adipokines (leptin, 
adiponectin, resistin, TNF-α[alpha]) by adi-
pose tissue in obesity also contributes to IR and 
hepatic steatosis. Adiponectin is a protein with 
insulin- sensitizing effects that is expressed 
exclusively by adipocytes in response to PPAR-
γ(gamma) activation. Receptors for adiponec-
tin have been identified in skeletal muscle and 
liver [58] and are downregulated in obesity-
linked IR and diabetes [59]. Serum adiponec-
tin levels correlate inversely with BMI [60, 
61] and liver fat content [62–64], suggesting 
an inhibitory role in obesity and hepatic ste-
atosis. Recombinant adiponectin improves IR 
in mouse models of obesity and type 2 diabe-
tes [65]. Insulin-sensitizing effects may occur 
through increased fatty acid oxidation in mus-
cle and decreased fatty acid transport into the 
liver, resulting in a net decrease in triglyceride 
accumulation in both muscle and liver [65]. 
Leptin is a protein expressed by mature adipo-
cytes that acts on the hypothalamus to serve as 
a signal of energy sufficiency. It is produced in 
proportion to adipose tissue mass and improves 
IR and hepatic steatosis in patients with severe 
lipodystrophy [66]. Serum leptin levels are 
increased in NASH [67]; however, its role in 
NASH is debated [68].

Unlike leptin and adiponectin, which are 
produced exclusively by adipocytes, other 
adipokines such as TNF-α(alpha) are derived 
mostly from macrophages in adipose tissue. 
Increased TNF-α(alpha) levels are found in 
obese individuals owing to increased macro-
phage infiltration in adipose tissue [69–71] and 
overexpression of TNF-α(alpha) by enlarged 
adipocytes [72]. Levels are elevated in indi-
viduals with NAFLD compared to controls 
matched for age, BMI, and sex [73]. TNF-
α(alpha) impairs insulin signaling through ser-
ine phosphorylation of IRS-1 [74].

 Lipodystrophy Syndromes

Paradoxically, loss of adipose tissue, as seen in 
patients with lipodystrophy, is also associated 
with IR.  Lipodystrophies are disorders char-
acterized by selective and variable loss of sub-
cutaneous adipose tissue. They are clinically 
heterogeneous, and the affected patients are 
predisposed to IR, hypertriglyceridemia, hepatic 
steatosis, polycystic ovary syndrome, and type 2 
diabetes. Lipodystrophies can be either acquired 
or inherited (familial).

Acquired lipodystrophies are much more 
common than the inherited forms. The most 
common form of acquired lipodystrophy is that 
seen in patients with human immunodeficiency 
virus (HIV)  infection who are receiving treat-
ment with highly active protease inhibitors. 
Patients typically present with loss of subcuta-
neous fat in the face, arms, and legs [75], with 
or without concomitant fat accumulation in the 
neck and trunk [76]. Patients may develop IR, 
hypertriglyceridemia, hepatic steatosis, low 
serum levels of high- density lipoprotein (HDL) 
cholesterol, and hyperglycemia [77–79]. Possible 
mechanisms by which protease inhibitors cause 
lipodystrophy include impaired pre-adipocyte 
differentiation [80], increased apoptosis of 
subcutaneous adipocytes [81], and reduced 
mRNA expression of sterol regulatory element-
binding protein 1c (SREBP1c) and peroxi-
some proliferator- activated receptor γ (gamma) 
(PPARγ[gamma])—two key transcription factors 
involved in adipogenesis [82]. In addition, prote-
ase inhibitors may directly induce IR by reducing 
the intrinsic transport activity of glucose trans-
porter 4 [83].

Other forms of acquired lipodystrophies are 
rare [84]. Patients with acquired generalized 
lipodystrophy present with clinical features of 
loss of subcutaneous fat, muscular prominence, 
 acanthosis nigricans, hepatic steatosis, auto-
immune hepatitis, and cirrhosis. Patients with 
acquired partial lipodystrophy have fat loss 
affecting the face, neck, arms, thorax, and upper 
abdomen. In contrast, excess fat may be deposited 
in the hips and legs. Both acquired generalized 
and partial lipodystrophies occur during child-
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hood and adolescence and occur approximately 
3–4 times more often in women. Localized lipo-
dystrophies refer to loss of subcutaneous adipose 
tissue in small areas and may be caused by local 
injection of medicines such as insulin and corti-
costeroids, recurrent pressure, trauma, inflamma-
tion, or other unknown mechanisms.

Inherited lipodystrophies are extremely rare 
and are caused by various genetic mutations [84]. 
Congenital generalized lipodystrophy is an auto-
somal recessive disorder characterized by near- 
complete lack of adipose tissue since birth, with 
clinical features including acanthosis nigricans, 
hepatic steatosis, cirrhosis, splenomegaly, and 
umbilical hernia. Patients usually have severe 
IR/hyperinsulinemia, hypertriglyceridemia, and 
type 2 diabetes. Familial partial lipodystrophies 
are characterized by partial loss of subcutaneous 
fat in various parts of the body with distinct clini-
cal features due to different genetic mutations. 
Patients may develop hypertriglyceridemia, fatty 
liver, and type 2 diabetes.

Metabolic complications such as IR, hyper-
triglyceridemia, hepatic steatosis, and type 2 
diabetes increase in frequency and severity with 
the extent of fat loss. Patients initially develop 
compensatory hyperinsulinemia and later overt 
hyperglycemia and type 2 diabetes owing to 
gradual loss of β(beta)-cell function resulting 
from islet amyloidosis and cell atrophy [85]. 
Though the underlying mechanisms remain 
unclear, it appears that ectopic accumulation of 
triglycerides may be the major culprit. Indeed, a 
major function of subcutaneous adipose depot is 
to store triglycerides during energy excess; and in 
patients with lipodystrophies the storage capac-
ity decreases or even disappears, leading to the 
accumulation of excess triglycerides in the liver, 
intra- abdominal fat depot, and skeletal muscles 
[86–88].

A large body of evidence has confirmed that 
accumulation of fat in these sites leads to IR [89–
92]. Mice with congenital lipodystrophy manifest 
with severe IR in the liver and muscle, and hyper-
glycemia [93]. These mice have higher intracel-
lular fatty acyl-CoA content in both muscle and 
liver than wild-type mice, and have defects in the 
insulin activation of IRS-1 and IRS-2 associated 

PI 3-kinase activity in muscle and liver [94]. The 
importance of having subcutaneous fat depots 
is further demonstrated by the observation that 
transplanting adipose tissue from wild-type mice 
into the subcutaneous space in lipodystrophic 
mice reduces liver and muscle lipid contents and 
reverses IR as manifested by increased muscle 
glucose uptake and suppressed hepatic glucose 
production in response to insulin [94].

Patients with severe lipodystrophy have low 
plasma leptin levels. In mice with congenital 
lipodystrophy, chronic low-dose leptin treat-
ment reverses IR and diabetes mellitus [95]. 
This suggests that leptin deficiency may play 
an important role in the pathogenesis of IR and 
type 2 diabetes in patients with lipodystrophies. 
Indeed, recent studies have shown that leptin 
replacement in these patients results in improved 
insulin sensitivity in both muscle and liver and 
better glycemic and lipemic control [66, 96, 97]. 
Reduced intramyocellular and liver fat contents 
and reduced appetite could be part of the mecha-
nism [66, 96].

 Hepatitis C

IR and the associated steatosis is an emerg-
ing aspect of chronic hepatitis C infection. 
Worsening IR affects chronic hepatitis C in sev-
eral respects. For example, there appears to be an 
increased prevalence of type 2 diabetes in hepa-
titis C patients, especially with increasing age, 
even when adjusting for confounding variables 
such as weight [98], and an association between 
increased HOMA and chronic genotype 1 HCV 
infection has been observed [99]. The occurrence 
of IR and the development of steatosis have a sig-
nificant impact on the risk of disease progression 
[100–102]. Finally, IR appears to have an impact 
on the response to interferon-based antiviral 
therapy, although this aspect remains somewhat 
uncertain, as it is unclear whether this represents 
the effects of obesity on drug delivery [103] or 
direct effects of IR itself. Moreover, more recent 
studies have failed to confirm results of earlier 
reports regarding the impact of steatosis and BMI 
on response, although the association with more 
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advanced histology seems consistent among stud-
ies [104]. It is possible and even likely that some 
of these relationships are obscured by the ten-
dency of NASH to become decreasingly steatotic 
as the disease progresses and that fibrosis stage, 
which appears to be accelerated by steatosis in 
HCV, is also a predictor of sustained virological 
response. This may explain why another recent 
study revealed an association between steatosis 
and stage-3 fibrosis, but not stage-4 (cirrhosis) 
fibrosis [105].

Steatosis when present in HCV is, indeed, 
often associated with typical findings of NASH in 
these patients and with increased activation of the 
hepatic stellate cells [106]. The mechanisms by 
which an HCV-infected liver accumulates exces-
sive triglyceride stores are related to both host and 
viral factors. Not surprisingly, many such patients 
have independent risk factors for metabolic syn-
drome and therefore for NAFLD. However, there 
are also direct viral replication factors related 
especially to the metabolism of the nucleocapsid 
core protein and related to (but not restricted to) 
certain genotypes of the virus. For example, the 
prevalence of steatosis in genotype 3 is almost 
2 times that of other genotypes [107]. However, 
both in vitro and in vivo data have indicated that 
the core protein of other genotypes, including 
genotype 1, the most common genotype in the 
United States, alters intracellular fat metabolism 
[108]. These changes appear to involve signifi-
cantly decreased levels of PPARα(alpha)  and 
CPT-1, which therefore inhibit fatty acid oxida-
tion. Other mechanisms may be simultaneously at 
work, including the indirect effects of increased 
TNFα(alpha) in HCV and HCV-mediated changes 
in IR phosphorylation [109, 110]. The potential 
role of insulin-sensitizing agents in conjunc-
tion with anti-HCV therapy and related concerns 
about lipid-lowering agents in HCV are areas in 
need of further investigation [111].

 Summary and Conclusions

Insulin regulates energy homeostasis through 
its effects on key target organs: liver, adipose 
tissue, and muscle. Glucose and lipid metabo-

lisms are closely linked via circulating FFAs and 
adipokines and their effects on insulin receptor 
signaling, glucose transport, and triglyceride 
accumulation within these organs. Paradoxically, 
IR is found in states associated with both adi-
pose excess (obesity) and adipose loss (lipoatro-
phy). Adipokines released from both adipocytes 
and macrophages within adipose tissue play 
key roles in mediating IR and in inflammation. 
Further understanding of the complex interaction 
between key target organs and circulating media-
tors of IR may help guide therapy for NAFLD 
and other clinical manifestations of the insulin 
resistance syndrome.

References

 1. Der NB.  Diabetes mellitus. Wien: Nothangels 
Handbuch. A. Holder; 1906.

 2. Bajaj M, Defronzo RA.  Metabolic and molecu-
lar basis of insulin resistance. J Nucl Cardiol. 
2003;10(3):311–23.

 3. Weickert MO, Pfeiffer AF.  Signalling mechanisms 
linking hepatic glucose and lipid metabolism. 
Diabetologia. 2006;49(8):1732–41.

 4. Pessin JE, Saltiel AR. Signaling pathways in insulin 
action: molecular targets of insulin resistance. J Clin 
Invest. 2000;106(2):165–9.

 5. Roden M, Bernroider E. Hepatic glucose metabolism 
in humans – its role in health and disease. Best Pract 
Res Clin Endocrinol Metab. 2003;17(3):365–83.

 6. Choudhury J, Sanyal AJ. Insulin resistance and the 
pathogenesis of nonalcoholic fatty liver disease. Clin 
Liver Dis. 2004;8(3):575–94, ix.

 7. White MF.  Insulin signaling in health and disease. 
Science. 2003;302(5651):1710–1.

 8. Wilcox G.  Insulin and insulin resistance. Clin 
Biochem Rev. 2005;26(2):19–39.

 9. Kahn CR.  Insulin resistance, insulin insensitivity, 
and insulin unresponsiveness: a necessary distinc-
tion. Metabolism. 1978;27(12 Suppl 2):1893–902.

 10. DeFronzo RA, Tobin JD, Andres R. Glucose clamp 
technique: a method for quantifying insulin secretion 
and resistance. Am J Phys. 1979;237(3):E214–23.

 11. Matthews DR, Hosker JP, Rudenski AS, Naylor BA, 
Treacher DF, Turner RC. Homeostasis model assess-
ment: insulin resistance and beta-cell function from 
fasting plasma glucose and insulin concentrations in 
man. Diabetologia. 1985;28(7):412–9.

 12. Katz A, Nambi SS, Mather K, Baron AD, Follmann 
DA, Sullivan G, et al. Quantitative insulin sensitivity 
check index: a simple, accurate method for assess-
ing insulin sensitivity in humans. J Clin Endocrinol 
Metab. 2000;85(7):2402–10.

13 The Liver and Insulin Resistance: The Important Convergence of Endocrinology and Hepatology



216

 13. Chen H, Sullivan G, Yue LQ, Katz A, Quon 
MJ.  QUICKI is a useful index of insulin sensitiv-
ity in subjects with hypertension. Am J Physiol 
Endocrinol Metab. 2003;284(4):E804–12.

 14. Perseghin G, Caumo A, Caloni M, Testolin G, Luzi 
L. Incorporation of the fasting plasma FFA concen-
tration into QUICKI improves its association with 
insulin sensitivity in nonobese individuals. J Clin 
Endocrinol Metab. 2001;86(10):4776–81.

 15. Quon MJ. Limitations of the fasting glucose to insu-
lin ratio as an index of insulin sensitivity. J Clin 
Endocrinol Metab. 2001;86(10):4615–7.

 16. Reaven G.  The metabolic syndrome or the insulin 
resistance syndrome? Different names, different 
concepts, and different goals. Endocrinol Metab 
Clin North Am. 2004;33(2):283–303.

 17. Goodpaster BH, Thaete FL, Simoneau JA, Kelley 
DE. Subcutaneous abdominal fat and thigh muscle 
composition predict insulin sensitivity independently 
of visceral fat. Diabetes. 1997;46(10):1579–85.

 18. Saltiel AR, Kahn CR.  Insulin signalling and the 
regulation of glucose and lipid metabolism. Nature. 
2001;414(6865):799–806.

 19. Marchesini G, Brizi M, Morselli-Labate AM, 
Bianchi G, Bugianesi E, McCullough AJ, et  al. 
Association of nonalcoholic fatty liver disease with 
insulin resistance. Am J Med. 1999;107(5):450–5.

 20. Sanyal AJ, Campbell-Sargent C, Mirshahi F, Rizzo 
WB, Contos MJ, Sterling RK, et  al. Nonalcoholic 
steatohepatitis: association of insulin resistance 
and mitochondrial abnormalities. Gastroenterology. 
2001;120(5):1183–92.

 21. Chitturi S, Farrell G, Frost L, Kriketos A, Lin R, 
Fung C, et al. Serum leptin in NASH correlates with 
hepatic steatosis but not fibrosis: a manifestation of 
lipotoxicity? Hepatology. 2002;36(2):403–9.

 22. Angelico F, Del Ben M, Conti R, Francioso S, Feole 
K, Fiorello S, et al. Insulin resistance, the metabolic 
syndrome, and nonalcoholic fatty liver disease. J 
Clin Endocrinol Metab. 2005;90(3):1578–82.

 23. Wanless IR, Bargman JM, Oreopoulos DG, Vas 
SI.  Subcapsular steatonecrosis in response to 
peritoneal insulin delivery: a clue to the patho-
genesis of steatonecrosis in obesity. Mod Pathol. 
1989;2(2):69–74.

 24. Bhargava R, Senior PA, Ackerman TE, Ryan EA, 
Paty BW, Lakey JR, et al. Prevalence of hepatic ste-
atosis after islet transplantation and its relation to 
graft function. Diabetes. 2004;53(5):1311–7.

 25. Donnelly KL, Smith CI, Schwarzenberg SJ, Jessurun 
J, Boldt MD, Parks EJ. Sources of fatty acids stored 
in liver and secreted via lipoproteins in patients 
with nonalcoholic fatty liver disease. J Clin Invest. 
2005;115(5):1343–51.

 26. Horton JD, Shah NA, Warrington JA, Anderson NN, 
Park SW, Brown MS, et  al. Combined analysis of 
oligonucleotide microarray data from transgenic and 
knockout mice identifies direct SREBP target genes. 
Proc Natl Acad Sci USA. 2003;100(21):12027–32.

 27. Bugianesi E, Gastaldelli A, Vanni E, Gambino 
R, Cassader M, Baldi S, et  al. Insulin resistance 
in non-diabetic patients with non-alcoholic fatty 
liver disease: sites and mechanisms. Diabetologia. 
2005;48(4):634–42.

 28. Samuel VT, Liu ZX, Qu X, Elder BD, Bilz S, Befroy 
D, et  al. Mechanism of hepatic insulin resistance 
in non-alcoholic fatty liver disease. J Biol Chem. 
2004;279(31):32345–53.

 29. Seppala-Lindroos A, Vehkavaara S, Hakkinen AM, 
Goto T, Westerbacka J, Sovijarvi A, et al. Fat accu-
mulation in the liver is associated with defects in 
insulin suppression of glucose production and serum 
free fatty acids independent of obesity in normal 
men. J Clin Endocrinol Metab. 2002;87(7):3023–8.

 30. Cotrim HP, Carvalho F, Siqueira AC, Lordelo M, 
Rocha R, De Freitas LA.  Nonalcoholic fatty liver 
and insulin resistance among petrochemical work-
ers. JAMA. 2005;294(13):1618–20.

 31. Gupte P, Amarapurkar D, Agal S, Baijal R, 
Kulshrestha P, Pramanik S, et  al. Non-alcoholic 
steatohepatitis in type 2 diabetes mellitus. J 
Gastroenterol Hepatol. 2004;19(8):854–8.

 32. Machado M, Marques-Vidal P, Cortez-Pinto 
H.  Hepatic histology in obese patients undergoing 
bariatric surgery. J Hepatol. 2006;45(4):600–6.

 33. Ogden CL, Yanovski SZ, Carroll MD, Flegal 
KM. The epidemiology of obesity. Gastroenterology. 
2007;132(6):2087–102.

 34. Schwimmer JB. Definitive diagnosis and assessment 
of risk for nonalcoholic fatty liver disease in children 
and adolescents. Semin Liver Dis. 2007;27(3):312–8.

 35. Brunt EM.  Nonalcoholic steatohepatitis: definition 
and pathology. Semin Liver Dis. 2001;21(1):3–16.

 36. Dam-Larsen S, Franzmann M, Andersen IB, 
Christoffersen P, Jensen LB, Sorensen TI, et al. Long 
term prognosis of fatty liver: risk of chronic liver dis-
ease and death. Gut. 2004;53(5):750–5.

 37. Ekstedt M, Franzen LE, Mathiesen UL, Thorelius 
L, Holmqvist M, Bodemar G, et al. Long-term fol-
low- up of patients with NAFLD and elevated liver 
enzymes. Hepatology. 2006;44(4):865–73.

 38. Day CP, James OF.  Steatohepatitis: a tale of two 
“hits”? Gastroenterology. 1998;114(4):842–5.

 39. Parekh S, Anania FA.  Abnormal lipid and glu-
cose metabolism in obesity: implications for non-
alcoholic fatty liver disease. Gastroenterology. 
2007;132(6):2191–207.

 40. Sanyal AJ.  Mechanisms of disease: pathogenesis 
of nonalcoholic fatty liver disease. Nat Clin Pract 
Gastroenterol Hepatol. 2005;2(1):46–53.

 41. Mater MK, Thelen AP, Pan DA, Jump DB.  Sterol 
response element-binding protein 1c (SREBP1c) is 
involved in the polyunsaturated fatty acid suppres-
sion of hepatic S14 gene transcription. J Biol Chem. 
1999;274(46):32725–32.

 42. Schaffler A, Scholmerich J, Buchler C. Mechanisms 
of disease: adipocytokines and visceral adipose 
tissue  – emerging role in nonalcoholic fatty liver 

C. Y. Chang et al.



217

disease. Nat Clin Pract Gastroenterol Hepatol. 
2005;2(6):273–80.

 43. Shoelson SE, Herrero L, Naaz A.  Obesity, inflam-
mation, and insulin resistance. Gastroenterology. 
2007;132(6):2169–80.

 44. Chan JM, Rimm EB, Colditz GA, Stampfer MJ, 
Willett WC.  Obesity, fat distribution, and weight 
gain as risk factors for clinical diabetes in men. 
Diabetes Care. 1994;17(9):961–9.

 45. Colditz GA, Willett WC, Rotnitzky A, Manson 
JE.  Weight gain as a risk factor for clinical dia-
betes mellitus in women. Ann Intern Med. 
1995;122(7):481–6.

 46. Silverman JF, O’Brien KF, Long S, Leggett N, 
Khazanie PG, Pories WJ, et  al. Liver pathology in 
morbidly obese patients with and without diabetes. 
Am J Gastroenterol. 1990;85(10):1349–55.

 47. Wanless IR, Lentz JS.  Fatty liver hepatitis (steato-
hepatitis) and obesity: an autopsy study with analy-
sis of risk factors. Hepatology. 1990;12(5):1106–10.

 48. Gordon ES.  Lipid metabolism, diabetes mellitus, 
and obesity. Adv Intern Med. 1964;12:66–102.

 49. Bjorntorp P, Bergman H, Varnauskas E. Plasma free 
fatty acid turnover rate in obesity. Acta Med Scand. 
1969;185(4):351–6.

 50. Boden G, Chen X. Effects of fat on glucose uptake 
and utilization in patients with non-insulin- dependent 
diabetes. J Clin Invest. 1995;96(3):1261–8.

 51. Dresner A, Laurent D, Marcucci M, Griffin ME, 
Dufour S, Cline GW, et  al. Effects of free fatty 
acids on glucose transport and IRS-1-associated 
phosphatidylinositol 3-kinase activity. J Clin Invest. 
1999;103(2):253–9.

 52. Shulman GI. Cellular mechanisms of insulin resis-
tance. J Clin Invest. 2000;106(2):171–6.

 53. Petersen KF, Shulman GI. Etiology of insulin resis-
tance. Am J Med. 2006;119(5 Suppl 1):S10–6.

 54. Bahl JJ, Matsuda M, DeFronzo RA, Bressler R. In 
vitro and in  vivo suppression of gluconeogenesis 
by inhibition of pyruvate carboxylase. Biochem 
Pharmacol. 1997;53(1):67–74.

 55. Massillon D, Barzilai N, Hawkins M, Prus- 
Wertheimer D, Rossetti L.  Induction of hepatic 
glucose-6-phosphatase gene expression by lipid 
infusion. Diabetes. 1997;46(1):153–7.

 56. Boden G, Cheung P, Stein TP, Kresge K, Mozzoli 
M.  FFA cause hepatic insulin resistance by inhib-
iting insulin suppression of glycogenolysis. Am J 
Physiol Endocrinol Metab. 2002;283(1):E12–9.

 57. Roden M, Stingl H, Chandramouli V, Schumann 
WC, Hofer A, Landau BR, et al. Effects of free fatty 
acid elevation on postabsorptive endogenous glu-
cose production and gluconeogenesis in humans. 
Diabetes. 2000;49(5):701–7.

 58. Yamauchi T, Kamon J, Ito Y, Tsuchida A, Yokomizo 
T, Kita S, et  al. Cloning of adiponectin receptors 
that mediate antidiabetic metabolic effects. Nature. 
2003;423(6941):762–9.

 59. Kadowaki T, Yamauchi T, Kubota N, Hara K, Ueki 
K, Tobe K. Adiponectin and adiponectin receptors in 

insulin resistance, diabetes, and the metabolic syn-
drome. J Clin Invest. 2006;116(7):1784–92.

 60. Arita Y, Kihara S, Ouchi N, Takahashi M, Maeda K, 
Miyagawa J, et al. Paradoxical decrease of an adipose- 
specific protein, adiponectin, in obesity. Biochem 
Biophys Res Commun. 1999;257(1):79–83.

 61. Matsubara M, Maruoka S, Katayose S. Inverse rela-
tionship between plasma adiponectin and leptin con-
centrations in normal-weight and obese women. Eur 
J Endocrinol. 2002;147(2):173–80.

 62. Westerbacka J, Corner A, Tiikkainen M, Tamminen 
M, Vehkavaara S, Hakkinen AM, et  al. Women 
and men have similar amounts of liver and intra- 
abdominal fat, despite more subcutaneous fat 
in women: implications for sex differences in 
markers of cardiovascular risk. Diabetologia. 
2004;47(8):1360–9.

 63. Bajaj M, Suraamornkul S, Piper P, Hardies LJ, Glass 
L, Cersosimo E, et al. Decreased plasma adiponectin 
concentrations are closely related to hepatic fat con-
tent and hepatic insulin resistance in pioglitazone- 
treated type 2 diabetic patients. J Clin Endocrinol 
Metab. 2004;89(1):200–6.

 64. Bugianesi E, Pagotto U, Manini R, Vanni E, 
Gastaldelli A, de Iasio R, et  al. Plasma adiponec-
tin in nonalcoholic fatty liver is related to hepatic 
insulin resistance and hepatic fat content, not to 
liver disease severity. J Clin Endocrinol Metab. 
2005;90(6):3498–504.

 65. Yamauchi T, Kamon J, Waki H, Terauchi Y, Kubota 
N, Hara K, et al. The fat-derived hormone adiponec-
tin reverses insulin resistance associated with both 
lipoatrophy and obesity. Nat Med. 2001;7(8):941–6.

 66. Petersen KF, Oral EA, Dufour S, Befroy D, Ariyan 
C, Yu C, et al. Leptin reverses insulin resistance and 
hepatic steatosis in patients with severe lipodystro-
phy. J Clin Invest. 2002;109(10):1345–50.

 67. Uygun A, Kadayifci A, Yesilova Z, Erdil A, Yaman 
H, Saka M, et al. Serum leptin levels in patients with 
nonalcoholic steatohepatitis. Am J Gastroenterol. 
2000;95(12):3584–9.

 68. Chalasani N, Crabb DW, Cummings OW, Kwo PY, 
Asghar A, Pandya PK, et al. Does leptin play a role 
in the pathogenesis of human nonalcoholic steato-
hepatitis? Am J Gastroenterol. 2003;98(12):2771–6.

 69. Permana PA, Menge C, Reaven PD.  Macrophage- 
secreted factors induce adipocyte inflammation and 
insulin resistance. Biochem Biophys Res Commun. 
2006;341(2):507–14.

 70. Weisberg SP, McCann D, Desai M, Rosenbaum M, 
Leibel RL, Ferrante AW Jr. Obesity is associated 
with macrophage accumulation in adipose tissue. J 
Clin Invest. 2003;112(12):1796–808.

 71. Xu H, Barnes GT, Yang Q, Tan G, Yang D, Chou CJ, 
et al. Chronic inflammation in fat plays a crucial role 
in the development of obesity-related insulin resis-
tance. J Clin Invest. 2003;112(12):1821–30.

 72. Peraldi P, Spiegelman B.  TNF-alpha and insulin 
resistance: summary and future prospects. Mol Cell 
Biochem. 1998;182(1–2):169–75.

13 The Liver and Insulin Resistance: The Important Convergence of Endocrinology and Hepatology



218

 73. Hui JM, Hodge A, Farrell GC, Kench JG, 
Kriketos A, George J.  Beyond insulin resistance 
in NASH: TNF-alpha or adiponectin? Hepatology. 
2004;40(1):46–54.

 74. Hotamisligil GS.  The role of TNFalpha and TNF 
receptors in obesity and insulin resistance. J Intern 
Med. 1999;245(6):621–5.

 75. Carr A, Samaras K, Burton S, Law M, Freund J, 
Chisholm DJ, et al. A syndrome of peripheral lipo-
dystrophy, hyperlipidaemia and insulin resistance in 
patients receiving HIV protease inhibitors. AIDS. 
1998;12(7):F51–8.

 76. Lo JC, Mulligan K, Tai VW, Algren H, Schambelan 
M.  Body shape changes in HIV-infected patients. 
J Acquir Immune Defic Syndr Hum Retrovirol. 
1998;19(3):307–8.

 77. Carr A, Samaras K, Thorisdottir A, Kaufmann GR, 
Chisholm DJ, Cooper DA. Diagnosis, prediction, and 
natural course of HIV-1 protease-inhibitor-associated 
lipodystrophy, hyperlipidaemia, and diabetes melli-
tus: a cohort study. Lancet. 1999;353(9170):2093–9.

 78. Dube MP, Johnson DL, Currier JS, Leedom 
JM.  Protease inhibitor-associated hyperglycaemia. 
Lancet. 1997;350(9079):713–4.

 79. Sutinen J, Hakkinen AM, Westerbacka J, Seppala- 
Lindroos A, Vehkavaara S, Halavaara J, et  al. 
Increased fat accumulation in the liver in HIV- infected 
patients with antiretroviral therapy- associated lipo-
dystrophy. AIDS. 2002;16(16):2183–93.

 80. Dowell P, Flexner C, Kwiterovich PO, Lane 
MD.  Suppression of preadipocyte differentiation 
and promotion of adipocyte death by HIV protease 
inhibitors. J Biol Chem. 2000;275(52):41325–32.

 81. Domingo P, Matias-Guiu X, Pujol RM, Francia E, 
Lagarda E, Sambeat MA, et al. Subcutaneous adipo-
cyte apoptosis in HIV-1 protease inhibitor- associated 
lipodystrophy. AIDS. 1999;13(16):2261–7.

 82. Bastard JP, Caron M, Vidal H, Jan V, Auclair M, 
Vigouroux C, et  al. Association between altered 
expression of adipogenic factor SREBP1  in 
lipoatrophic adipose tissue from HIV-1-infected 
patients and abnormal adipocyte differentiation and 
insulin resistance. Lancet. 2002;359(9311):1026–31.

 83. Murata H, Hruz PW, Mueckler M. The mechanism 
of insulin resistance caused by HIV protease inhibi-
tor therapy. J Biol Chem. 2000;275(27):20251–4.

 84. Garg A.  Lipodystrophies. Am J Med. 
2000;108(2):143–52.

 85. Garg A, Chandalia M, Vuitch F.  Severe islet amy-
loidosis in congenital generalized lipodystrophy. 
Diabetes Care. 1996;19(1):28–31.

 86. Chandalia M, Garg A, Vuitch F, Nizzi F. Postmortem 
findings in congenital generalized lipodystrophy. J 
Clin Endocrinol Metab. 1995;80(10):3077–81.

 87. Haque WA, Vuitch F, Garg A. Post-mortem findings 
in familial partial lipodystrophy, Dunnigan variety. 
Diabet Med. 2002;19(12):1022–5.

 88. Szczepaniak LS, Babcock EE, Schick F, Dobbins RL, 
Garg A, Burns DK, et al. Measurement of intracellu-

lar triglyceride stores by H spectroscopy: validation 
in vivo. Am J Phys. 1999;276(5 Pt 1):E977–89.

 89. Kahn SE, Hull RL, Utzschneider KM. Mechanisms 
linking obesity to insulin resistance and type 2 dia-
betes. Nature. 2006;444(7121):840–6.

 90. Kelley DE, Goodpaster BH, Storlien L.  Muscle 
triglyceride and insulin resistance. Annu Rev Nutr. 
2002;22:325–46.

 91. Savage DB, Petersen KF, Shulman GI.  Disordered 
lipid metabolism and the pathogenesis of insulin 
resistance. Physiol Rev. 2007;87(2):507–20.

 92. Caldwell SH, Ikura Y, Iezzoni JC, Liu Z. Has natu-
ral selection in human populations produced two 
types of metabolic syndrome (with and without 
fatty liver)? J Gastroenterol Hepatol. 2007;22(Suppl 
1):S11–9.

 93. Moitra J, Mason MM, Olive M, Krylov D, Gavrilova 
O, Marcus-Samuels B, et al. Life without white fat: a 
transgenic mouse. Genes Dev. 1998;12(20):3168–81.

 94. Kim JK, Gavrilova O, Chen Y, Reitman ML, Shulman 
GI.  Mechanism of insulin resistance in A-ZIP/F-1 
fatless mice. J Biol Chem. 2000;275(12):8456–60.

 95. Shimomura I, Hammer RE, Ikemoto S, Brown MS, 
Goldstein JL. Leptin reverses insulin resistance and 
diabetes mellitus in mice with congenital lipodystro-
phy. Nature. 1999;401(6748):73–6.

 96. Oral EA, Simha V, Ruiz E, Andewelt A, Premkumar 
A, Snell P, et al. Leptin-replacement therapy for lipo-
dystrophy. N Engl J Med. 2002;346(8):570–8.

 97. Simha V, Szczepaniak LS, Wagner AJ, DePaoli AM, 
Garg A.  Effect of leptin replacement on intrahe-
patic and intramyocellular lipid content in patients 
with generalized lipodystrophy. Diabetes Care. 
2003;26(1):30–5.

 98. Mehta SH, Brancati FL, Sulkowski MS, Strathdee 
SA, Szklo M, Thomas DL.  Prevalence of type 2 
diabetes mellitus among persons with hepatitis C 
virus infection in the United States. Ann Intern Med. 
2000;133(8):592–9.

 99. Fartoux L, Poujol-Robert A, Guechot J, Wendum D, 
Poupon R, Serfaty L. Insulin resistance is a cause of 
steatosis and fibrosis progression in chronic hepatitis 
C. Gut. 2005;54(7):1003–8.

 100. Ortiz V, Berenguer M, Rayon JM, Carrasco D, 
Berenguer J.  Contribution of obesity to hepatitis 
C-related fibrosis progression. Am J Gastroenterol. 
2002;97(9):2408–14.

 101. Adinolfi LE, Gambardella M, Andreana A, Tripodi 
MF, Utili R, Ruggiero G.  Steatosis  accelerates 
the progression of liver damage of chronic hepa-
titis C patients and correlates with specific HCV 
genotype and visceral obesity. Hepatology. 
2001;33(6):1358–64.

 102. Clouston AD, Jonsson JR, Purdie DM, Macdonald 
GA, Pandeya N, Shorthouse C, et al. Steatosis and 
chronic hepatitis C: analysis of fibrosis and stellate 
cell activation. J Hepatol. 2001;34(2):314–20.

 103. Bressler BL, Guindi M, Tomlinson G, Heathcote 
J. High body mass index is an independent risk fac-

C. Y. Chang et al.



219

tor for nonresponse to antiviral treatment in chronic 
hepatitis C. Hepatology. 2003;38(3):639–44.

 104. Hu KQ, Currie SL, Shen H, Cheung RC, Ho SB, Bini 
EJ, et al. Clinical implications of hepatic steatosis in 
patients with chronic hepatitis C: a multicenter study 
of US veterans. Dig Dis Sci. 2007;52(2):570–8.

 105. Lok AS, Everhart JE, Chung RT, Padmanabhan L, 
Greenson JK, Shiffman ML, et al. Hepatic steatosis 
in hepatitis C: comparison of diabetic and nondia-
betic patients in the hepatitis C antiviral long-term 
treatment against cirrhosis trial. Clin Gastroenterol 
Hepatol. 2007;5(2):245–54.

 106. Sanyal AJ.  Review article: non-alcoholic fatty 
liver disease and hepatitis C  – risk factors and 
clinical implications. Aliment Pharmacol Ther. 
2005;22(Suppl 2):48–51.

 107. Patton HM, Patel K, Behling C, Bylund D, Blatt 
LM, Vallee M, et al. The impact of steatosis on dis-
ease progression and early and sustained treatment 

response in chronic hepatitis C patients. J Hepatol. 
2004;40(3):484–90.

 108. Dharancy S, Malapel M, Perlemuter G, Roskams T, 
Cheng Y, Dubuquoy L, et al. Impaired expression of 
the peroxisome proliferator-activated receptor alpha 
during hepatitis C virus infection. Gastroenterology. 
2005;128(2):334–42.

 109. Shintani Y, Fujie H, Miyoshi H, Tsutsumi T, 
Tsukamoto K, Kimura S, et  al. Hepatitis C virus 
infection and diabetes: direct involvement of the 
virus in the development of insulin resistance. 
Gastroenterology. 2004;126(3):840–8.

 110. Aytug S, Reich D, Sapiro LE, Bernstein D, Begum 
N.  Impaired IRS-1/PI3-kinase signaling in patients 
with HCV: a mechanism for increased prevalence of 
type 2 diabetes. Hepatology. 2003;38(6):1384–92.

 111. Lonardo A, Loria P, Bertolotti M, Carulli 
N. Statins and HCV: a complex issue. Hepatology. 
2007;45(1):257.

13 The Liver and Insulin Resistance: The Important Convergence of Endocrinology and Hepatology



221© Springer Nature Switzerland AG 2020 
P. S. Zeitler, K. J. Nadeau (eds.), Insulin Resistance, Contemporary Endocrinology, 
https://doi.org/10.1007/978-3-030-25057-7_14

Insulin Resistance and the Kidney 
in Youth

Petter Bjornstad and David Z. Cherney

 Introduction

Diabetic kidney disease (DKD) remains a 
leading cause of morbidity and mortality in 
people with type 1 (T1D) and type 2 diabetes 
(T2D) [1–3]. In the United States, almost half 
of patients with renal failure have DKD, and 
most of these individuals have T2D [4]. DKD 
is also an important risk factor for the develop-
ment of future cardiovascular disease. Current 
treatments are beneficial, but only partially pro-
tect against DKD.  Therefore, identifying new 
therapeutic targets to impede DKD remains a 
public health priority. Youth-onset T2D carries 
a particularly high risk of progressive DKD 
[5–14]. Hyperfiltration (glomerular filtration 
rate [GFR] ≥135 mL/min/1.73 m2) is common 
in youth with diabetes mellitus (DM) and pre-
dicts progressive DKD [15–18]. Hyperfiltration 
is associated with early changes in intrarenal 
hemodynamics beyond elevated GFR, includ-

ing increased renal blood flow and increased 
glomerular pressure. With the current obesity 
epidemic and the rising incidence of pediatric 
T2D [14, 19], understanding the mechanisms 
that initiate hyperfiltration and the subsequent 
progression of kidney disease is needed to 
improve outcomes in youth with obesity, pre-
diabetes, and T2D.

More recent insights have implicated renal 
hypoxia, stemming from a mismatch between 
renal oxygen delivery and demand, as a unify-
ing pathway that may link hyperfiltration and 
the development of DKD [20]. In the setting of 
diabetes, the kidneys are highly metabolically 
active and have an increased energy require-
ment to sustain hyperfiltration and characteris-
tic changes in intrarenal hemodynamic function 
[21]. However, there is emerging animal data 
suggesting that renal response to increased 
demand for energy substrate is insufficient, 
leading to hypoxia. In addition, patients with 
DM may exhibit a less oxygen-efficient fuel 
profile secondary to insulin resistance (IR) 
and the resulting elevation in serum free fatty 
acids (FFA) [21]. In this chapter, we will review 
the data linking IR with DKD in children and 
adults with DM, and summarize proposed path-
ways underlying the relationship between IR 
and DKD.
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 The Natural History of Early 
Diabetic Kidney Disease

The natural history of DKD is characterized 
by a long silent period without clinical signs 
or symptoms of kidney disease. While this 
period is clinically silent, renal parenchymal 
damage progresses [22]. Early markers of 
DKD prior to the loss of renal function, such 
as hyperfiltration (GFR ≥135 mL/min/1.73 m2) 
and albuminuria, can manifest in adolescents 
with T1D [23–25] and T2D [3, 18, 26, 27] 
and are also associated with early cardiovas-
cular abnormalities [25, 28]. The appearance 
of albuminuria is usually the earliest clinical 
sign of DKD, but our understanding of early 
DKD has evolved over the last decade based 
on the demonstration that albuminuria does not 
necessarily imply progressive nephropathy and 
may, in fact, regress to normoalbuminuria, at 
least in the setting of T1D [29, 30]. In addition, 
the Diabetes Control and Complications Trial/
Epidemiology of Diabetes Interventions and 
Complications (DCCT/EDIC) study reported 
incident impaired GFR (<60 mL/min/1.73 m2) 
in 24% of patients without prior evidence of 
albuminuria—a phenotype that is also common 
in patients with T2D [31–33]. Furthermore, it 
has recently been proposed that hyperfiltra-
tion and albuminuria are distinct phenotypes of 
DKD [3], each with their own unique patho-
genic mechanisms. For those reasons, changes 
in GFR may be the most clinically relevant 
measure of early DKD.

Conventional understanding is that hyper-
filtration is a maladaptive glomerular response 
that precedes increased albumin excretion and 
subsequent decline of renal function in dia-
betic nephropathy [34]. In 1984, Mogensen 
et al. suggested that hyperfiltration might be an 
early phenotype of DKD [35, 36], and a num-
ber of studies have since affirmed this associa-
tion, especially in adults with T2D [37]. More 
recently, we demonstrated that in adults with 
T1D, rapid GFR decline over 6 years was asso-
ciated with baseline hyperfiltration and incident 
GFR impairment (<60  mL/min/1.73  m2) [24]. 
In normal physiology, GFR declines with age 

and an annual loss of ~1 mL/min/1.73 m2 has 
been reported in studies of normal aging [38]. 
Rapid GFR decline, defined as an annual GFR 
loss greater than 3 mL/min/1.73 m2, represents 
a magnitude of change that is three times the 
rate of what is expected in normal physiology 
and corresponds to the 25 percentile of the 
cohort of the Cardiovascular Health Study with 
the largest decline in GFR [39, 40]. The cutoff 
is important to distinguish it from slow changes 
in GFR associated with aging, mild changes 
in hydration status, and beyond the range of 
noise expected when estimating GFR [39]. 
Rapid GFR decline has been shown to predict 
end-stage renal disease and cardiovascular out-
comes [41, 42].

Youth-onset T2D carries the highest risk of 
DKD—significantly higher than in T1D or those 
with adult-onset T2D of similar disease dura-
tion [43]. In fact, adolescents with youth-onset 
T2D have twofold increased risk of microal-
buminuria compared to youth with T1D [6, 9, 
13]. In the TODAY study (Treatment Options 
for type 2 Diabetes in Adolescents and Youth), 
with an average follow-up of only 3.9  years, 
the prevalence of microalbuminuria among 
youth with T2D almost tripled (from 6.3% to 
16.6%) [9]. Furthermore, up to 45% of youth 
with T2D progress to renal failure as adults, 
which is significantly greater than youth with 
T1D and individuals with adult-onset T2D [44, 
45]. T2D remains the leading cause of end-stage 
renal disease (ESRD) in the Western world [46], 
and most patients with type T2D develop some 
degree of renal dysfunction during their lifetime 
[44]. While patients with T2D are significantly 
more insulin resistant than those with T1D [47, 
48], youth and adults with T1D are substantially 
more insulin resistant than their peers without 
diabetes [47, 48]. A substantial amount of data 
support insulin sensitivity (IS) as an important 
risk factor of developing DKD in both T1D 
and T2D, but the mechanisms underlying these 
relationships remain unclear. Understanding 
the mechanisms underlying the relationship 
between insulin sensitivity and DKD progres-
sion will direct development of therapies to pre-
vent or delay DKD.
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 Diabetic Kidney Disease and Insulin 
Resistance in Type 1 Diabetes

While the relationship between insulin sensitivity 
and vascular complications is increasingly recog-
nized, it is not a recent discovery. In 1968, Martin 
et al. [49] demonstrated that reduced insulin sen-
sitivity related to microvascular complications 
in adults with long-standing T1D. Almost three 
decades later, Yip et al. [50] linked reduced insu-
lin sensitivity to microalbuminuria, and Orchard 
et al. [51] later demonstrated that estimated glu-
cose disposal rate (eGDR) (Pittsburgh eGDR 
equation) predicted proteinuria in adults with 
T1D in the Pittsburgh Epidemiology of Diabetes 
Complications (EDC) study cohort.

Duca et  al. developed and validated an 
improved method for estimating insulin sensitiv-
ity in people with T1D [52]. Compared to hyper-
insulinemic–euglycemic clamp-measured insulin 
sensitivity, the estimated insulin sensitivity equa-
tion (eIS) performed better than previous equa-
tions for estimating IS in individuals both with 
and without T1D [52]. We used this equation to 
demonstrate that higher eIS at baseline predicted 
lower odds of developing diabetic nephropathy, 
diabetic retinopathy, proliferative diabetic reti-
nopathy, and coronary atherosclerosis indepen-
dent of other established risk factors [53, 54]. 
The same group also demonstrated that reduced 
estimated insulin sensitivity predicted incident 
microalbuminuria and rapid glomerular filtration 
decline estimated by cystatin C over 6 years [55] 
and that increased insulin sensitivity at baseline 
predicted regression of albuminuria over 6 years 
[54] in adults with T1D, similar to data in the 
EDC study.

 Diabetic Kidney Disease and Insulin 
Resistance in Type 2 Diabetes

A growing body of literature has implicated 
insulin resistance in the progression of DKD in 
T2D [56, 57]. We demonstrated in a small cross- 
sectional study of youth with T2D, where 34% 
of the participants had albuminuria and 24% had 
hyperfiltration, that reduced insulin sensitivity, 

measured by hyperinsulinemic–euglycemic clamp 
technique, was associated with albuminuria and 
hyperfiltration [18]. Stratifying eGFR into ter-
tiles, adolescents with T2D in the highest tertile 
of eGFR (Fig.  14.1) had lower IS than those in 
the mid and low tertiles, after adjusting for age, 
sex, pubertal stage, body mass index (BMI), 
and HbA1c (p = 0.02 and p = 0.04). IS was also 
inversely associated with eGFR after adjusting for 
sex and pubertal stage (β[beta] ± SE: −2.23 ± 0.87, 
p = 0.02); these associations were not observed for 
measures of HbA1c, LDL-C, or SBP [18]. These 
findings demonstrate that a significant proportion 
of adolescents with T2D showed evidence of early 
DKD and that IS, rather than traditional risk fac-
tors, was the strongest determinant of future renal 
disease risk [18]. In the TODAY study (n = 532), 
a large diverse national multicenter cohort, we 
observed hyperfiltration in 7.0% of participants at 
baseline and in 13.3% by 5 years, with a cumu-
lative incidence of 5.0% over 5 years. There was 
an annual increase in eGFR (Fig.  14.2a) and an 
average decrease in eIS (Fig. 14.2b) [58]. Lower 
estimated  insulin sensitivity was associated with 
a  2.1-fold increased risk of hyperfiltration (HR: 
2.12, p = 0.008) in a univariable model, correspond-
ing to an 8% increase in risk of  hyperfiltration per 
10% lower estimated insulin sensitivity. This asso-
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Fig. 14.1 Insulin sensitivity across tertiles of estimated 
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betes. (Adapted from [18])
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ciation  remained significant in models adjusting 
for age, sex, race-ethnicity, BMI, HbA1c, treat-
ment group, loss of glycemic control, and hyper-
tension (HR: 2.15, p = 0.01). Neither HbA1c, BMI, 
age, loss of glycemic control nor development of 
hypertension were associated with increased risk 
of developing hyperfiltration in the adjusted model 
[59]. Overall, these findings support the hypothe-
sis that IS is strongly and independently associated 
with hyperfiltration.

Aside from hyperfiltration, albuminuria is 
an early marker of nephropathy risk. Findings 
from SEARCH for Diabetes in Youth Study 
demonstrated a cross-sectional relationship 
between ACR and estimated insulin sensi-

tivity [16]. The association between insulin 
resistance and progression of DKD has also 
been increasingly recognized in adults with 
T2D. Parvanova et  al. [60] reported a signifi-
cant cross-sectional association between mea-
sured insulin resistance and albuminuria in 
adults with T2D, while De Cosmo et  al. [61] 
showed that adult males with the highest quar-
tile of HOMA-IR were more likely to have 
increased albumin excretion than those in the 
lowest quartile. Others have demonstrated a 
longitudinal relationship between insulin resis-
tance and incident albuminuria over time in 
adults (Table 14.1) [16, 18, 49–51, 53–55, 57, 
60, 61].
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 Proposed Mechanisms Linking 
Insulin Resistance and Diabetic 
Kidney Disease

The association between insulin resistance and 
hemodynamic changes in the kidney is increas-
ingly recognized, but the underlying mechanisms 
are not completely understood. Hyperfiltration 
develops secondary to an increase in intraglo-
merular pressure, leading to structural changes 
over time, such as mesangial expansion and glo-
merular basement membrane thickening [62]. 
The mechanisms believed to underlie these 
pathological changes are complex and involve 
growth factors, neurohormonal activation, and 
changes in renal tubuloglomerular feedback [63]. 
Insulin resistance is also associated with an ele-
vation of glomerular hydrostatic pressure causing 
increased renal vascular permeability and, ulti-
mately, hyperfiltration [64–66]. Another possible 
mechanistic pathway linking insulin resistance to 
DKD is through effects on overall nonesterified 
fatty acid exposure and lipotoxicity, leading to 
the development of microangiopathy and arterial 
stiffness [67].

In addition to the above proposed pathways, 
renal hypoxia is increasingly being suggested as 

a central mechanism in the pathogenesis of DKD 
[20, 68, 69]. Animal models of diabetes suggest 
that glucosuria enhances sodium–glucose reab-
sorption through sodium–glucose cotransporter 
2 (SGLT2), with resultant increased intracel-
lular Na+ concentration at the proximal tubule 
and increased activation of basolateral Na+/K+ 
ATPase, leading to net increased renal oxygen 
consumption compared to animals without dia-
betes [21] (Fig.  14.3). Diabetes-related sodium 
avidity at the proximal tubule also leads to dimin-
ished Na+ delivery to the macula densa, thereby 
decreasing afferent arteriolar resistance via tubu-
loglomerular feedback mechanisms. Afferent 
dilation increases renal blood flow, glomerular 
pressure, and GFR.  This mechanism sets up a 
vicious cycle, since [70, 71] the largest contribu-
tor to the increase in renal Na+ reabsorption and 
oxygen consumption in diabetes is the augmented 
GFR, with consequent increased tubular Na+ and 
glucose load. With increased renal oxygen con-
sumption in DKD, additional energy efficient 
fuel is required to meet the increased demand and 
prevent renal parenchymal hypoxia.

There are emerging animal data that organs 
prone to complications are not able to sufficiently 
compensate for the effects of diabetes on fuel 

Table 14.1 Selected publications demonstrating the association between insulin sensitivity (IS) and diabetic kidney 
disease (DKD)

Authors Population Findings Reference
Type 1 diabetes
Martin et al. 
(1968)

Adults Estimated IS associated with DKD [49]

Yip et al. (1993) Adults IS associated with microalbuminuria [50]
Orchard et al. 
(2002)

Adults Estimated IS predicted proteinuria [51]

Bjornstad et al. 
(2013)

Adults Estimated IS predicted early DKD, including albuminuria and rapid 
glomerular filtration rate (GFR) decline

[53, 55]

Bjornstad et al. 
(2014)

Adults Improvement in estimated IS over time predicted regression of 
albuminuria

[54]

Type 2 diabetes
Bjornstad et al. 
(2014)

Youth Measured IS associated with albuminuria and hyperfiltration [18]

Mottl et al. (2016) Youth Estimated IS associated with albuminuria [16]
De Cosmo et al. 
(2005)

Adults Estimated IS associated with albuminuria [61]

Parvanova et al. 
(2006)

Adults Estimated IS associated with albuminuria [60]

Hsu et al. (2011) Adults Estimated IS associated with development of albuminuria [57]
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generation. The unfavorable renal energy profile 
of T2D is likely driven by IR, impaired suppres-
sion of lipolysis, and increased circulating FFAs. 
FFAs impair insulin action by inhibiting insulin 
signaling pathways, leading to decreased renal 
cellular glucose uptake and reduction in glucose 
oxidation [72, 73]. For those reasons, the pos-
tulated changes associated with renal energet-
ics in T2D include increased FFA oxidation and 
reduced glucose oxidation (Fig. 14.3). Because 
FFA oxidation produces ATP less efficiently 
than glucose oxidation, the altered energy utili-
zation of the diabetic kidney is characterized by 
decreased renal oxygen delivery and increased 
oxygen consumption [21, 72–74]. This mis-
match between renal oxygen delivery and 
demand could lead to renal hypoxia and progres-
sion of DKD (Fig. 14.3). On the therapeutic side, 
agents that alter energy substrate utilization, 
such as SGLT2 inhibitors, may exert favorable 

clinical effects in part through improvements in 
fuel delivery. For example, the substantial renal 
benefits recently demonstrated with SGLT2 
inhibition in adults with T2D in the EMPA-REG 
OUTCOME trial have been hypothesized to be 
due to a shift toward increased ketone body pro-
duction leading to improved cardiac contractility 
[21, 74, 75]. Whether or not this type of effect 
has an impact on renal hypoxia or energy pro-
duction has not yet been studied but has been 
suggested by others [76].

In addition to the effects of tubuloglomeru-
lar feedback and renal hypoxia, neurohormones, 
such as the renin angiotensin aldosterone sys-
tem, have been implicated as mediators of 
IS-related DKD risk. While the relationship 
between renin angiotensin aldosterone system 
(RAAS) and insulin sensitivity has also been 
extensively studied, recent discoveries have led 
to an improved understanding of how activated 

Fig. 14.3 The proposed 
role of renal energetics 
and intrarenal 
hemodynamics in 
diabetic kidney disease 
(DKD). IR insulin 
resistance, Na sodium, 
K potassium
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tissue RAAS influences the development of 
insulin resistance [77]. Increased angiotensin II 
activity leads to impaired insulin secretion, insu-
lin signaling and glucose uptake, and inflam-
mation, which promotes the development of 
insulin resistance [78]. Large-scale clinical trials 
have evaluated the effect of RAAS blockade on 
the development of diabetes, but with conflict-
ing results. The Nateglinide and Valsartan in 
Impaired Glucose Tolerance Outcome Research 
(NAVIGATOR) study compared the effect of 
valsartan and placebo for a median of 5  years 
on the development of diabetes mellitus and 
found that the valsartan- treated group had lower 
incidence of diabetes [79–81]. Conversely, the 
Diabetes Reduction Assessment with Ramipril 
and Rosiglitazone Medication (DREAM) study 
found no difference in the risk of developing dia-
betes between the ramipril and placebo groups 
[82]. Animal models have further suggested that 
angiotensin 1–7 improves insulin sensitivity, and 
prolonged administration of angiotensin 1–7  in 
fructose-fed rats was associated with improved 
insulin sensitivity [83].

Aside from RAAS neurohormones, argi-
nine vasopressin (AVP) plays an essential role 
in the regulation of IS and volume status and 
may increase the risk of renal and vascular 
injury [84–88]. AVP concentrations are higher in 
people with T1D and T2D compared to healthy 
nondiabetic counterparts [89, 90]. Furthermore, 
the peptide copeptin, co-secreted with AVP from 
the neurohypophysis, reflects changes in AVP, 
and elevated concentrations of copeptin appear 
to increase the risk of cardiovascular mortality 
[85, 91]. Recent data from CACTI (Coronary 
Artery Calcification in Type 1 Diabetes) [92], 
GENEDIAB (Genetique de la Nephropathie 
Diabetique), GENESIS (Genetics Nephropathy 
and Sib pair Study) [93], and ZODIAC-31 
(Zwolle Outpatient Diabetes project Integrating 
Available Care) [91] implicate elevated concen-
trations of copeptin as a strong risk factor for 
DKD in adults with T1D and T2D.  In fact, the 
administration of vasopressin induces glomeru-
lar hyperfiltration and albuminuria in laboratory 
animals and in humans [86, 94, 95]. Disruption 
of the AVP system has been linked to the devel-

opment of insulin resistance, obesity, metabolic 
syndrome, and type 2 diabetes [96, 97]. Chronic 
psychosocial stress is associated with increased 
AVP levels, and several reports have suggested 
that vasopressin overactivity may have a role in 
the association of stress with insulin resistance 
and T2D.  Enhorning et  al. demonstrated that 
copeptin independently predicted development 
of T2D and abdominal obesity in the Malmo 
Diet and Cancer Study [98]. The same group 
also reported an association between copeptin 
and development of albuminuria, which was 
independent of T2D status or the presence of 
hypertension [98]. Similarly, Saleem et  al. 
found a cross-sectional association between 
plasma copeptin and insulin resistance [99] in 
a smaller study. Enhorning and coauthors more 
recently demonstrated that a genetic variation of 
the human AVP receptor 1b gene (AVPR1B) is 
linked with increased risk of developing obesity 
and T2D [100]. Despite interesting epidemio-
logic data, it remains unclear whether the rela-
tionship between insulin resistance and DKD is 
driven by disruption of the AVP system.

 Clinical Trials

Insulin sensitivity can be modified by both life-
style changes (diet and exercise) and drugs, such 
as biguanides and thiazolidinediones. Insulin 
sensitivity therefore holds promise as a therapeu-
tic target to delay and stop the development of 
DKD in patients with T1D and T2D. Metformin 
is an inexpensive and well-tolerated medication 
[101]. In T2D, metformin is widely considered 
to protect against cardiovascular complications 
[101, 102]. In contrast, metformin is not advo-
cated in any major national or international 
guidelines for the management of T1D [102]. In 
a recent meta-analysis of randomized trials, Vella 
et al. found that metformin therapy in T1D was 
associated with reduced insulin-dose require-
ments though no clear evidence for an improve-
ment in glycemic control was demonstrated 
[102]. Moreover, Nadeau et al. recently showed 
that low-dose metformin decreased total daily 
insulin doses in adolescents with T1D, likely 
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 representing improvement in insulin sensitivity 
[103]. Metformin is also associated with reduced 
low-density lipoprotein (LDL) cholesterol [104], 
precursors of advanced glycation end produc-
tion [105, 106], and a decrease in blood pressure 
[107, 108] in adults with T1D and T2D. However, 
there are currently insufficient data on vascular 
outcomes, and their surrogates to routinely rec-
ommend metformin therapy in adolescents and 
adults with T1D for improving cardiovascular 
outcomes. For that reason, there is a need for 
well-designed randomized clinical trials of suf-
ficient size and duration to show clinical benefit 
of metformin. Another important consideration is 
the significant variation observed in adults with 
T2D in response to metformin [101]. The inter-
individual variation in metformin may also apply 
to patients with T1D. Genetic variation may be 
one of the important determinants of this inter-
individual variation, and improved understanding 
of underlying genes and pathways has the poten-
tial to improve the effect of metformin on insulin 
sensitivity [101].

In adults with coronary artery disease and 
type 2 diabetes [109], the Bypass Angioplasty 
Revascularization Investigation 2 Diabetes 
(BARI 2D) study showed no benefit of 
insulin- sensitizing therapy on progression of 
DKD.  However, in this study population most 
participants already had baseline hypertension 
and hyperlipidemia [110]. The kidney injury in 
long-standing DKD in older adults with mul-
tiple cardiovascular risk factors may be far less 
responsive to changes in IS than the early altera-
tions in renal function seen in adolescents with 
T1D and T2D, arguing for separate studies in 
youth. One hypothesis is that early intervention 
prior to establishment of vascular lesions may 
result in significant delay of clinical pathology, 
as demonstrated by the concept of “metabolic 
memory” in the DCCT-EDIC study [111–115]. 
Also, clinical cardiovascular disease typically 
does not manifest until older ages; for example, 
it took 17  years of follow-up for the benefits 
of intensive management to manifest in DCCT 
[116]. Improvements in outcomes due to adjunc-
tive therapy in the era of intensive management 
may be more subtle, because large clinical tri-

als and epidemiological cohort studies in adults 
have had conflicting results [117]. Furthermore, 
long-term studies in youth are lacking [117].

The Effects of Metformin on Cardiovascular 
Function in Adolescents with Type 1 Diabetes 
(EMERALD, NCT01808690) is a recently com-
pleted double-blind randomized clinical trial with 
metformin designed to evaluate if metformin will 
improve tissue-specific insulin resistance in T1D 
adolescents using the hyperinsulinemic–euglyce-
mic clamp technique, as well as improve vascu-
lar, cardiac, exercise, and muscle mitochondrial 
function. The trial demonstrated that metformin 
therapy improved insulin sensitivity compared 
to placebo in lean and overweight/obese adoles-
cents with T1D. Additionally, metformin therapy 
improved markers of vascular health, including 
aortic pulse wave velocity and wall shear stress 
compared to placebo [118]. The REducing with 
MetfOrmin Vascular Adverse Lesions in type 
1 diabetes (REMOVAL, NCT01483560) [119] 
study is another recent completed double-blind 
randomized clinical trial with metformin to 
improve insulin sensitivity in adults with T1D in 
an attempt to prevent vascular complications. The 
REMOVAL trial demonstrated reduction in pro-
gression of maximal carotid artery intima-media 
thickness (cIMT), but not the primary outcome of 
mean cIMT, metformin vs. placebo in adults with 
T1D [120]. The effect of Metformin on Vascular 
and Mitochondrial Function in Type 1 Diabetes 
(MeT1, NCT01813929) study is also underway 
and seeks to evaluate the effect of improving 
insulin sensitivity on vascular and mitochon-
drial function in adults with T1D. Metformin 
Therapy for Overweight Adolescents with Type 
1 Diabetes (NCT01881828), being performed in 
the T1D Exchange Clinic Network, will evaluate 
the efficacy and safety of the use of metformin 
in addition to standard insulin therapy in over-
weight and obese children and adolescents, ages 
12 to <20  years, with T1D for at least 1  year. 
Furthermore, the insulin Clamp Ancillary Study 
for Assessment of Insulin Resistance (CASAI, 
NCT02045290) is an associated study underway to 
evaluate if metformin will improve tissue- specific 
insulin resistance in obese T1D  adolescents using 
hyperinsulinemic–euglycemic clamp technique. 
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Smaller metformin trials are also underway. 
While extensive research is underway evaluating 
the roles of metformin, insulin sensitivity, and 
vascular function, dedicated studies examining 
the effect of insulin-sensitizing therapies on DKD 
are needed. Additional studies are also needed 
to assess the impact of other drugs that influ-
ence insulin sensitivity in T1D and T2D, includ-
ing glucagon-like peptide-1 (GLP-1) analogues, 
dipeptidyl peptidase-4 inhibitor (DPP4 inhibi-
tors), sodium–glucose cotransporter 2 (SGLT2) 
inhibitors, thiazolidinediones, and bromocriptine. 
Bromocriptine, a dopamine agonist, has long 
been used for the treatment of Parkinson’s disease 
and prolactinomas. Its recent approval in a quick 
release formulation (BCQR) for T2D represents a 
novel mechanism to improve hyperglycemia and 
IR-associated dysmetabolism [121]. Dopamine 
signaling is abnormal in IR [121], and morn-
ing BCQR restores the dopamine surge in T2D, 
resulting in decreases in sympathetic activity, glu-
cagon/hepatic glucose output, lipolysis and circu-
lating free fatty acids [121], and RAAS activation 
[121, 122]. There are also ongoing clinical trials 
investigating the efficacy and safety of SGLT2 
inhibitors reducing weight in obese/overweight 
patients (NCT00650806; NCT02235298).

 Future Studies

To gain additional information about the mecha-
nisms underlying the relationship between insulin 
sensitivity and renal health, dedicated translation 
research studies are needed. Detailed assessment 
of renal hemodynamics paired with hyperinsulin-
emic–euglycemic clamp technique has the poten-
tial to improve researchers’ ability to relate early 
changes in renal hemodynamics with worsening 
insulin sensitivity in the course of DKD.  The 
Gomez equations also offer tremendous poten-
tial in translational and mechanistic human DKD 
research [123]. These equations were created 
by Gomez et al. and use measurements of GFR, 
renal blood flow, effective renal plasma flow, 
renal vascular resistance, hematocrit, and serum 
protein to calculate afferent and efferent arterio-
lar resistances, glomerular pressure, and filtration 

pressure [123]. As an example of the application 
of Gomez’ equations, we recently demonstrated 
that women with type T1D and hyperfiltration 
had higher efferent arteriolar resistance and lower 
renal blood flow compared to men with T1D 
and hyperfiltration [124]. Although the specific 
mechanisms responsible for the relatively higher 
efferent arteriolar resistance and lower renal 
blood flow in women with T1D and hyperfiltra-
tion compared to their male counterparts are still 
unclear, intrarenal renin- angiotensin- aldosterone 
system (RAAS) activation is a plausible media-
tor [125]. These observations might explain the 
greater humoral, renal, and systemic responsive-
ness of RAAS inhibition in women compared to 
men (35) and illustrate the potential of applying 
Gomez’ equations in mechanistic DKD research.

Advanced imaging techniques, including 
renal blood oxygen level dependent (BOLD), 
magnetic resonance imaging (MRI), arterial 
spin labeling (ASL) MRI, and phase-contrast 
MRI (PC-MRI), also hold promise in character-
izing renal oxygen consumption and hypoxia in 
early DKD.  In the COMBINE (CKD Optimal 
Management with BInders and NicotinamidE) 
study [124], a large multicenter trial, Prasad 
et al. reported that adults with CKD have lower 
renal cortical oxygenation compared to controls 
(18.0 ± 1.62 vs. 20.6 ± 3.4  s−1, p < 0.0001) by 
BOLD MRI [124]. Furthermore, renal blood 
flow measured by ASL MRI correlated strongly 
with eGFR (r = 0.67, p < 0.0001) [126]. The kid-
neys are highly metabolically active and have a 
high- energy requirement to sustain their GFR 
and intrarenal hemodynamic function [21, 127], 
which is exacerbated in hyperfiltration. The ele-
vated GFR characteristic of hyperfiltration and 
the concomitant elevation in renal blood flow 
augment renal oxygen consumption. Therefore, 
the consequent renal hypoxia may stem from a 
mismatch between renal oxygen delivery and 
demand, a unifying pathway in the development 
of DKD.  Research combining advanced renal 
imaging with renal hemodynamic assessments 
and measures of insulin sensitivity are now 
needed to elucidate the mechanisms explaining 
the strong relationships observed between insulin 
sensitivity and renal health in DKD.
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 Summary

DKD remains a significant public health bur-
den. The increasing prevalence of T2D and T1D 
worldwide has led to a concomitant rise in DKD 
[128, 129]. Left untreated, patients with DKD, 
especially those with youth-onset T2D, have 
a high risk of progressing to ESRD and dialy-
sis [129]. Particularly worrisome is the mani-
festation of early DKD in youth with T1D and 
T2D.  Worsening insulin sensitivity may repre-
sent an early risk factor for future progression 
of DKD. While data support strong independent 
relationships between insulin sensitivity and 
renal health in T1D and T2D, the mechanisms at 
play remain elusive. Dedicated mechanistic and 
translational human research is now needed to 
improve our understanding of what initiates and 
drives early DKD.
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Intrauterine Growth Restriction 
and Insulin Resistance

Sara E. Pinney and Rebecca A. Simmons

 Introduction

Intrauterine growth restriction (IUGR) has been 
linked to the later development of diseases in 
adulthood, such as type 2 diabetes (T2D), obe-
sity, insulin resistance (IR), and the metabolic 
syndrome [1]. An adverse intrauterine milieu can 
have long-term effects on the development of 
organs and tissues, including pancreatic β(beta)-
cells, adipocytes, myocytes, and hepatocytes—
all of which are important in maintaining glucose 
homeostasis. The incidence of T2D has rapidly 
increased over the past several decades and is now 
reaching epidemic proportions. In 2017, the US 
Centers for Disease Control (CDC) reported that 
7.2% of the US population has been diagnosed 
with diabetes, with the vast majority having type 
2 [2]. The same 2017 CDC report estimated that 
33.9% of the US population has prediabetes (84.1 
million people)—a condition diagnosed based on 
fasting glucose or hemoglobin A1c. Although the 

prediabetes assessment in the CDC survey was 
based on fasting glucose and hemoglobin A1c, it 
can be assumed that the vast majority of those 
with prediabetes also had insulin resistance [2]. 
Maintenance of glucose homeostasis is a direct 
reflection of the balance between the ability of 
the pancreatic β(beta)-cell to adequately secrete 
insulin in response to rising glucose levels and 
the ability of peripheral tissues—including skel-
etal muscle, liver, and adipose tissue—to respond 
to insulin appropriately. When tissues fail to 
respond to insulin appropriately, it is termed 
insulin resistance. Environmental contributions 
to the development of insulin resistance and T2D 
potentially include exposures such as a subopti-
mal in utero environment, low birth weight, obe-
sity, inactivity, and advancing age [3].

Population-based studies have established a 
clear relationship between an adverse intrauter-
ine milieu and the development of abnormalities 
in glucose homeostasis, insulin resistance, and, 
ultimately, T2D.  Although the developmen-
tal origins of health and disease hypothesis are 
frequently attributed to David Barker and Nick 
Hales and their work describing the association 
between low birth weight and the outcomes of 
T2D, glucose intolerance, and cardiovascular 
disease, in 1994, Phillips, Barker, Hales et  al. 
published one of the first descriptions showing 
an association between a lower ponderal index at 
birth, which is a marker of an adverse intrauter-
ine environment, and insulin resistance in adult 
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life [4]. The ponderal index is a calculated metric 
of birth weight (kg)/length (m)3 and is a measure 
of leanness that is sensitive for both very short 
and very tall individuals. The authors selected 
103 adults (53 men and 50 women, mean age 
52 years) with no evidence of T2D from a previ-
ous study that assessed glucose tolerance with 
oral glucose tolerance testing (OGTT) and then 
performed insulin tolerance tests on those indi-
viduals. Insulin resistance was determined as the 
slope of the fall in blood glucose on a log scale 
between 3 and 15 minutes after insulin injection. 
Participants with a lower ponderal index at birth 
were found to have insulin resistance as adults 
and the insulin resistance worsened with increas-
ing adult body mass index (BMI) (Fig. 15.1). It 
was noted that infants with low ponderal indices 
at birth also had reduced mid-arm circumference 
and lower muscle mass as infants. The authors 
hypothesized that the relationship between a low 
ponderal index at birth and insulin resistance 
later in life may be due to a change in skeletal 
muscle structure and the ability to transport insu-
lin through peripheral muscle fibers to enable its 
action and that this effect persisted into adult 
life, leading to defects in glucose uptake and 
insulin signaling.

Studies from the population affected by the 
Dutch Hunger Winter provide another example 

demonstrating the association between an aber-
rant intrauterine milieu and the development 
of insulin resistance in the offspring. Pregnant 
women exposed to the period in late World War 
II, during which daily caloric intake was limited 
to 400–800  kcal, delivered infants with lower 
birth weights. By age 50, these offspring had 
impaired glucose tolerance and insulin resis-
tance compared to offspring who were in utero 
either the year before or after the famine [5, 6]. 
Ravelli et al. studied 702 men and women who 
were born between 1943 and 1947 in Amsterdam 
during World War II for whom they had access 
to detailed prenatal and postnatal health records 
at a mean age of 29 years [6]. Oral glucose tol-
erance testing was performed in participants 
who were divided into groups based on the ges-
tational trimester during which their mothers 
were exposed to famine and were compared to 
offspring of women conceived before or after 
the famine period. Two-hour glucose concen-
trations were increased in offspring exposed to 
famine in the second and third trimesters of ges-
tation. Offspring exposed to famine with lower 
birth weights had the highest glucose concentra-
tions, and those who became obese later in life 
also had the most profound glucose intolerance. 
Prenatal exposure to famine was associated with 
increased fasting proinsulin and 2-hour insu-
lin concentrations, suggesting that the offspring 
exposed to famine also had insulin resistance. 
The direct links between maternal malnutrition 
and the development of glucose intolerance and 
insulin resistance in the offspring provide strong 
evidence supporting the concept that poor nutri-
tion in fetal life leads to permanent changes in 
the function of the pancreatic β(beta)-cell and in 
sensitivity of tissues to insulin, ultimately leading 
to insulin resistance later in life.

In addition to the landmark population-based 
studies from Hales, Barker, and Ravelli, there 
have been case-control cohort studies that aimed 
to better characterize the development of insu-
lin resistance in offspring exposed to IUGR at 
different stages of postnatal life. Well-designed 
epidemiological studies characterizing the natu-
ral history of the metabolic consequences from 
IUGR are logistically challenging and expensive 

Fig. 15.1 Relationship between ponderal index at birth 
and adult body mass index (BMI), as described by Phillips 
et  al. [4]. In the cohort of 103 adult men and women 
described by Phillips et al., those with the lowest ponderal 
index at birth had the highest BMI as adults
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to complete given the time period over which the 
participants must be followed in order to assess 
changes in glucose intolerance and insulin resis-
tance throughout the lifespan.

Castanys-Munoz et  al. performed a system-
atic review of population-based studies of infants 
born small for gestational age (SGA) published 
between 1994 and 2015, which investigated how 
postnatal weight gain and growth affected meta-
bolic outcomes in offspring up to age 21 [7]. The 
authors reported that of 18 total studies published 
on 1119 children and adolescents, 12 studies 
found that postnatal weight gain was associ-
ated with insulin resistance and 6 studies did not 
detect such an association. There were no ran-
domized control trials available for review. The 
12 studies that reported an association between 
faster postnatal growth (measured as weight gain 
between birth and 8–21 years of age) and insulin 
resistance measured insulin resistance between 
ages 1 and 21 years of age using methods such 
as the homeostatic model assessment (HOMA), 
fasting insulin, OGTTs, intravenous glucose tol-
erance tests (IVGTTs), and clamp studies. Of 
the 13 studies that included both SGA partici-
pants and controls, 10 studies reported that the 
SGA offspring had significantly higher insulin 
resistance between the ages of 1 and 21 years. 
These results indicate that an adverse intra-
uterine environment followed by exposure to a 
nutrient-rich postnatal environment can lead to 
an increased rate of postnatal weight gain and 
result in the development of insulin resistance in 
the offspring.

Assessing insulin sensitivity can be more chal-
lenging in otherwise healthy children and adoles-
cents than in adults since many of the techniques 
require multiple blood samples and intravenous 
sampling and are considered invasive. Studies of 
insulin sensitivity and resistance in children fre-
quently use less sensitive proxies of insulin resis-
tance/sensitivity rather than the gold standard 
techniques, such as the hyperinsulinemic–eugly-
cemic clamp, due to the invasive nature of these 
procedures. The use of less- sensitive techniques, 
in addition to the fact that the metabolic abnor-
malities from intrauterine growth restriction are 
typically less profound at younger ages, contrib-

utes to the significance of the findings in these 
studies and provides additional evidence that 
there are underlying metabolic abnormalities in 
IUGR-exposed offspring that are due to in utero 
programming.

Jaquet et al. performed a case-control study 
investigating the effects of IUGR on glucose 
homeostasis in 24-year-old adult offspring using 
euglycemic–hyperinsulinemic clamp measure-
ment [8]. In this study, IUGR subjects had 
decreased insulin-stimulated glucose uptake at 
24 years of age without a major impairment of 
insulin secretion, and this relationship persisted 
after adjustment for BMI. IUGR offspring had 
5% more body fat as young adults than their 
normal- birth-weight peers. In addition, low 
total body glucose uptake in adults born SGA 
was associated with a lesser degree of free fatty 
acid (FFA) suppression by insulin in adipose 
tissue, suggesting a functional role for adipose 
tissue at the early stages of the development of 
insulin resistance.

Another study by Leunissen et al. investigated 
the relationship between low birth weight and 
postnatal catchup growth and an increased risk of 
T2D in adult life. The authors studied 136 young 
adults aged 18–24 years who were divided into 
four groups: (1) individuals who were born SGA 
and had short stature as young adults, (2) indi-
viduals who were SGA and had catchup growth 
and had normal height as adults, (3) individuals 
born appropriate for gestational age (AGA) with 
idiopathic short stature as adults, and (4) individ-
uals who were born AGA and had normal adult 
stature. Insulin sensitivity and disposition indi-
ces were measured using a frequently sampled 
IVGTT. They found that fat mass at birth was the 
only significant predictor of insulin sensitivity in 
young adulthood, whereas birth length and birth 
weight were not significant contributors to altera-
tions in insulin sensitivity at age 18–24  years. 
After correction for age, sex, and adult body size, 
insulin sensitivity in adulthood was much lower 
in subjects born SGA with catchup growth com-
pared with controls. None of the variables had a 
significant influence on disposition index, and 
there were no differences in disposition index 
between groups.
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Another cohort study from Denmark studied 
the impact of early infant weight gain in SGA 
infants on glucose metabolism and cardiovascu-
lar risk factors in adolescence. Fabricius-Bjerre 
et al. studied 87 adolescents with a mean age of 
17.6 years, including 30 former term SGA infants 
and 57 former term AGA infants [9]. The authors 
performed modified IVGTTs to measure glucose 
intolerance and insulin resistance and assessed 
body composition via dual-energy X-ray absorp-
tiometry (DEXA). They found that accelerated 
growth during the first 3 months of age led to an 
increase in markers of insulin resistance in ado-
lescence, particularly increased basal insulin lev-
els and increased HOMA-IR.

There have been several studies looking for 
markers of insulin resistance detected in early 
childhood from former SGA infants. Reinehr 
et al. studied a cohort of 803 overweight children 
with a mean age of 11 years, of whom 35 were 
born SGA [10]. OGTTs were performed in all 35 
SGA children, 147 AGA children, and 8 large for 
gestational age (LGA) children. For the purposes 
of this study, the authors defined pediatric features 
of the metabolic syndrome according to the defi-
nition of Weiss, including BMI >95th %ile for age 
plus 3 of the following: (blood pressure >95th % 
for height, age, and sex; triglycerides >95th %ile; 
and HDL <5th %ile). The authors found that after 
adjusting for age, sex, pubertal stage, and BMI-
SDS score, former SGA status was significantly 
associated with increased blood pressure, insulin, 
and 2-hour glucose. Forty percent of the former 
SGA children met criteria for the metabolic syn-
drome, while only 17% of the AGA children met 
these criteria, leading to an odds ratio of devel-
oping metabolic syndrome in childhood in those 
born SGA of 4.08 (95% CI 1.48–11.22).

Another study that characterized the markers 
of glucose intolerance and insulin resistance in 
young children who were born SGA was pub-
lished by Ibanez et al. [11]. The authors of this 
study sought to describe the timing of the devel-
opment of central obesity and insulin resistance in 
a longitudinal cohort of children aged 2–4 years, 
of whom 22 were born with low birth weight and 
29 had normal birth weight. They measured body 
composition by DEXA and insulin sensitivity was 

estimated by HOMA. There were no differences 
in mean height, weight, or BMI at ages 2, 3, and 
4 years. At 2 years of age, the authors reported 
that SGA children were more insulin sensitive 
than AGA children. Between ages 2 and 4 years, 
despite similar gains in weight and BMI, SGA 
children gained more abdominal fat and body 
adiposity and less lean body mass than AGA chil-
dren. At age 4 years, SGA children had greater 
adiposity, higher fasting insulin, and lower insu-
lin sensitivity (as determined by HOMA-IR) than 
AGA children (p  =  0.01–0.0004). The authors 
note that changes in body composition between 
ages 2 and 4  in SGA children were accompa-
nied by an increase in insulin resistance and that 
accumulation of central and visceral adipose tis-
sue can lead to insulin resistance, in part due to 
increased lipolysis and release of fatty acids. In 
addition, early hyperinsulinemia is a pancreatic 
β(beta)-cell compensatory response to muscle-
specific insulin resistance, which establishes a 
positive feedback loop promoting additional cen-
tral and peripheral adipose deposition, but further 
mechanistic studies are needed.

Finally, Soto and colleagues assessed insu-
lin sensitivity and secretion in a cohort of 108 
one- year- old infants, including 85 SGA and 23 
AGA birth weights [12]. The SGA infants were 
further stratified according to catchup growth 
in weight or length during the first year of life. 
Measurements included serum lipids, fasting 
insulin levels, and calculated measurements of 
insulin sensitivity and insulin secretion dur-
ing IVGTT. Fasting insulin was significantly 
higher in SGA infants who demonstrated catchup 
growth in weight compared to SGA infants 
who did not show evidence of weight catchup 
growth and AGA infants (mean ± SD, 32.6 ± 4.6 
vs. 14.9  ±  2.3 vs. 21.4  ±  3.3 pM, respectively; 
p = 0.04). Insulin secretion and sensitivity were 
closely linked to patterns of rapid weight catchup 
growth and length catchup growth during early 
postnatal life. Fasting insulin sensitivity was 
directly related to weight catchup growth and 
current BMI, whereas insulin secretion was more 
directly related to length catchup growth, despite 
lower weight, BMI, and length (0.29 ± 0.19 nM 
vs. 0.40  V 0.07  nM; p  <  0.05) compared with 
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AGA infants. These data suggest that the mecha-
nisms linking adverse intrauterine environment 
and offspring insulin resistance are present and 
functioning as early as 1 year after birth.

The majority of the participants in the studies 
described above were from Northern Europe, but 
there are additional studies reporting alterations 
in glucose homeostasis and markers of insu-
lin resistance in SGA children and adolescents 
in other populations around the world. Deng 
et  al. aimed to determine the impact of height 
catchup growth and weight catchup growth 
on the development of insulin resistance in a 
Chinese population of children with ages rang-
ing from 1.5 to 11 years with a history of SGA 
at birth [13]. They studied 30 children born SGA 
and catchup growth, 37 children born SGA and 
no catchup growth, and 42 children born AGA 
with normal heights. There were no differences 
in fasting glucose concentrations. HOMA-IR 
was significantly increased in SGA children 
with catchup growth compared with SGA chil-
dren without catchup growth and AGA children 
(p  =  0.002 and 0.036, respectively), and these 
differences were maintained after adjustment for 
sex, age, and BMI. SGA children with catchup 
growth had signs of insulin resistance, as indi-
cated by increased fasting insulin concentrations 
and HOMA-IR, but did not have increases in 
β(beta)-cell function, as calculated by HOMA%, 
suggesting that although increased β(beta)-cell 
function can initially compensate for peripheral 
insulin resistance in SGA offspring, it may not 
be able to keep up with demand as the child ages. 
The authors conclude that Chinese SGA children 
who demonstrate catchup growth in height and 
high BMI are prone to the development of insu-
lin resistance.

Bavdekar et  al. studied a cohort of 8-year-
old children (n = 477) to determine the relation-
ships among birth weight, insulin resistance, 
and hyperlipidemia in childhood. After adjust-
ment for current weight, age, and sex, a history 
of low birth weight in children was significantly 
associated with elevated fasting plasma insulin 
concentrations and HOMA-IR, increased stimu-
lated glucose and insulin concentrations, and 
increased plasma total and low-density lipopro-

tein (LDL) cholesterol concentrations at 8 years 
of age. The most affected children were those 
with a history of low birth weight and high fat 
mass at age 8. The most insulin-resistant chil-
dren were those with tall stature who had short 
parents. The authors note that, like other pop-
ulation-based studies in the United Kingdom, 
Europe, and India, they found no association 
between birth weight and insulin secretion at this 
age, indicating that IUGR appears to have more 
significant effects on peripheral insulin resis-
tance at age 8 and that this effect precedes any 
effect on insulin secretion.

Although the epidemiological studies 
described above show clear associations between 
the adverse intrauterine milieu and the devel-
opment of insulin resistance later in life, they 
provide little insight into the mechanisms respon-
sible for the metabolic consequences in the adult 
offspring. The abnormal intrauterine milieu asso-
ciated with IUGR limits the supply of critical 
substrates and hormones to the fetus and affects 
fetal development by permanently modifying 
gene expression and function of susceptible cells 
in the developing liver, visceral and subcutaneous 
fat tissue, and muscle.

Next, we will review the various animal 
models of IUGR and their specific effects on 
metabolic gene expression. In addition, we will 
review recent work aiming to better understand 
the molecular mechanisms in both animal mod-
els and human tissue samples that contribute 
directly to the malprogramming of gene expres-
sion during the critical fetal and neonatal peri-
ods, which may ultimately represent a critical 
time for intervention.

 Experimental Models 
of Intrauterine Growth Restriction

Animal models based on an outbred genetic 
background offer an opportunity to examine 
the effects of environmental insults on gene 
expression during gestation or early postna-
tal life. Established models of IUGR have been 
 developed in rodents, sheep, pigs, and nonhuman 
primates; however, rodents are often used for 
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models of fetal programming due to their shorter 
lifespan and shorter gestational periods, allow-
ing for detailed study of the long-term effects 
resulting from an in utero exposure. The most 
common rodent models used for inducing IUGR 
to study the development of T2D are those that 
employ protein-calorie restriction, total calorie 
restriction, glucocorticoid exposure, or induction 
of uteroplacental insufficiency in the pregnant 
rodent. Although these models all have a specific 
pancreatic β(beta)-cell phenotype, for the pur-
poses of this review we will focus on the effects 
in the liver, muscle, and adipose tissue and the 
outcome of insulin resistance in the offspring 
(Table 15.1).

 Low-Protein Model

Initially established by Snoeck et al., offspring 
born to protein-restricted dams have lower 
birth weights and develop age-dependent glu-
cose intolerance that progresses to overt diabe-

tes in adult life [14]. In this model, dams are 
fed a diet containing 8% protein throughout 
gestation and lactation (LP), and offspring are 
compared to offspring of control dams fed an 
isocaloric diet containing 20% protein. There 
are no effects on conception rates or litter size, 
but placental and offspring birth weights are 
consistently reduced in this model. Pups of 
mothers on the LP diet have 5.5% lower birth 
weights than controls [14, 15].

In general, male offspring in the LP model have 
altered insulin secretory capacity and reduced 
β(beta)-cell mass mediated by a reduction in 
β(beta)-cell proliferation rate and an increase in 
apoptosis [14–20]. The 15-month-old male off-
spring of mothers fed an LP diet have hyperin-
sulinemia that presents prior to hyperglycemia 
[21]. At 17 months of age, male offspring have 
fasting hyperglycemia and postprandial hyperin-
sulinemia. Female offspring at 21 months of age 
have elevated fasting insulin  concentrations com-
pared to controls but no fasting hyperglycemia. 
Glucose tolerance during IVGTT is comparable 

Table 15.1 Rodent models of intrauterine growth restriction (IUGR): molecular effects on insulin resistance

Low protein
Total calorie 
restriction

Maternal 
glucocorticoid 
exposure Uteroplacental insufficiency

IUGR- 
induced 
molecular 
changes 
leading to 
insulin 
resistance:

Reduced glucagon 
receptors in the liver
Increased hepatic PEPCK 
activity and 
gluconeogenesis
Increased expression of 
hepatic insulin receptors
Reduced insulin- 
stimulated glucose uptake 
in skeletal muscle and 
adipose tissue
Decreased expression of 
insulin-signaling proteins 
(PKCζ[zeta], p85α[alpha], 
p100β[beta]), and 
GLUT4 in skeletal muscle
Decreased DNA 
methylation at GR and 
PPAR-α(alpha) promoters 
corresponding with 
increased hepatic mRNA 
expression persisting in F1 
and F2 offspring

Peripheral insulin 
resistance related to 
aberrant glucose 
transport into 
insulin-sensitive 
tissues including 
skeletal muscle and 
adipose tissue
Decreased GLUT4 
expression: 
insulin-responsive 
glucose transporter 
in skeletal muscle
Epigenetic change: 
decreased H3K14 
acetylation; 
increased H3K9 at 
GLUT4 promoter

Increased PEPCK 
mRNA expression 
in liver
Increased GR 
mRNA expression 
in liver
Elevated 
postprandial 
insulin levels and 
impaired glucose 
tolerance

PEPCK and G6P mRNA 
levels are increased in the 
liver
IRS2 and Akt-2 
phosphorylation are blunted 
resulting in decreased 
hepatic insulin signaling
Increased hepatic glucose 
production at baseline
Decreased ability of insulin 
to suppress hepatic glucose 
production
Impaired mitochondrial 
oxidative phosphorylation in 
the liver
Treatment with Exendin-4, a 
GLP-1 agonist prevented the 
development of hepatic 
insulin resistance and 
oxidative stress in the UPI 
liver and reversed hepatic 
insulin-signaling defects

Abbreviations: PEPCK phosphoenolpyruvate carboxykinase, UPI uteroplacental insufficiency
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in the female offspring and controls, but plasma 
insulin area under the curve is 1.9 times higher in 
the female offspring of LP fed dams [21].

Maternal protein restriction has profound long-
term effects on glucose homeostasis and insulin 
signaling in offspring in the liver. At 3  months 
of age, there is a reduction in the expression of 
glucagon receptors [22], an associated increase in 
the activity of the gluconeogenic enzyme phos-
phoenolpyruvate carboxykinase (PEPCK), and 
reduced activity of glycolytic glucokinase [23, 
24], all resulting in increased hepatic glucose 
production. Increased hepatic glucose produc-
tion persists at age 11  months despite the fact 
that the pups were fed a standard diet [23, 25]. 
At 3 months of age, livers from male offspring 
of protein-restricted dams displayed evidence of 
hepatic insulin resistance despite an increase in 
the expression of insulin receptors [22]. In addi-
tion, there is a decrease in circulating insulin-
like growth factor 1 (IGF-1) concentration and a 
decrease in IGF-1 mRNA expression in hepato-
cytes derived from LP fetuses [26].

In the LP male offspring at 15 months, insulin- 
stimulated glucose uptake is reduced in both 
muscle and adipose tissue [27, 28]. Maternal 
protein restriction results in reduced skeletal 
muscle mass, but young adult LP offspring have 
improved insulin sensitivity at the level of the 
skeletal muscle [23], likely due to the increased 
number of insulin receptors expressed in growth-
restricted skeletal muscle. At 15 months of age, 
insulin- stimulated glucose uptake was not detect-
able in muscle from LP-exposed offspring [27]. 
Similar findings were seen in adipocytes isolated 
from LP-exposed offspring at 15 months of age 
where insulin had little effect stimulating glucose 
uptake [28]. In both LP-exposed skeletal muscle 
and adipocytes, there were no changes in insulin 
receptor expression, suggesting that the defect 
was downstream of the insulin receptor. Ozanne 
et al. showed decreased expression of a number 
of insulin-signaling proteins in skeletal muscle in 
low-birth-weight human subjects and low-birth- 
weight rats born to LP dams [27, 29]. Low-birth- 
weight human males had decreased expression 
of protein kinase c (PKC)ζ(zeta), p85α(alpha), 
p110β(beta), and GLUT4 at age 19 years, while 

the 15-month-old male offspring of rats fed a 
low-protein diet showed decreased PKCζ(zeta), 
GLUT4, and p85 [27]. The similarity of the pro-
tein expression profile of the men with low birth 
weight and the rats suggests that the low-protein 
model of IUGR is appropriate for studying the 
development of peripheral insulin-signaling 
defects that may lead to insulin resistance [29].

Adipose tissue of LP-exposed offspring has 
reduced expression of the insulin-signaling pro-
tein p110β(beta) and insulin-responsive substrate 
1 (IRS-1) and increased expression of pro- 
inflammatory cytokines interleukin (IL)-6 and 
IL1β(beta), which also compromise insulin sig-
naling [30]. Tarry-Adkins et al. demonstrated that 
dietary supplementation with coenzyme Q10, an 
anti-inflammatory agent, can prevent changes in 
insulin-signaling protein expression and mediate 
the development of insulin resistance in a model 
of IUGR [30].

 Total Calorie Restriction Model

The total calorie restriction model of IUGR 
approximates a generalized poor nutritional 
state during pregnancy and the effects on the 
offspring. Three-month-old pregnant rats had 
food intake limited to 50% of ad-lib during 
pregnancy and lactation, which resulted in off-
spring with significantly lower birth weights 
who continued to remain small in adulthood 
[31]. In this model, there is no difference in lit-
ter size or in the male- to- female ratio between 
control and IUGR offspring. When calorie 
restriction is limited to 50% during gestation 
only, the offspring are born with reduced birth 
weights, but their body weights are increased 
and are greater than control offspring by post-
natal day 20 [31]. When the time period dur-
ing which the maternal nutritional deprivation 
(50% restriction) is limited to the 7–10  days 
of gestation, the pups were born small; some 
investigators found impaired β(beta)-cell devel-
opment and reduced plasma glucose and insulin 
 concentrations during the neonatal period [19, 
32], while others found no statistical difference 
in pancreas weight, β(beta)-cell fractional area, 
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mass, replication rate, or apoptosis in the neo-
nate [33]. At 21 days, the male pups had a 15% 
reduction in body weight and a 30% reduction 
in pancreatic weight, while there was no differ-
ence in female pups at this age [33]. There was 
a 50% reduction in absolute β(beta)-cell mass 
and a 30% reduction in β(beta)-cell replication 
but no change in rates of apoptosis in offspring 
at 21  days. At 3–4  months, the offspring con-
tinued to have reduced β(beta)-cell mass along 
with altered insulin response and sensitivity 
at 3–4 months of age [32, 34]. At 8 months of 
age, the reduction of β(beta)-cell mass was still 
apparent, and β(beta)-cells had a 40% lower 
insulin content compared to controls [32]. The 
offspring were not overtly hyperglycemic but 
did have decreased fasting insulin concentra-
tions [32]. Offspring of dams exposed to total 
calorie restriction also develop peripheral insu-
lin resistance related to aberrant glucose trans-
port into insulin-sensitive tissues [35].

 Maternal Glucocorticoid Exposure 
Model

Maternal treatment with high-dose glucocorti-
coids during the last trimester is used in obstet-
ric practice to accelerate the rate of maturation of 
fetal lungs and other organs when there is con-
cern about premature delivery. Daily treatment 
of pregnant rats with dexamethasone during the 
last week of pregnancy retarded fetal growth and 
led to a 10% decrease in birth weight and growth 
restriction that persisted through adulthood, while 
earlier gestational exposures to dexamethasone 
did not affect birth weight [36]. At 6 months of 
age, the offspring of rats exposed to dexametha-
sone in late gestation had impaired glucose toler-
ance and postprandial insulin resistance. Fasting 
insulin concentrations were not significantly dif-
ferent from controls [36]. At 8  months of age, 
hepatic expression of phosphoenolpyruvate car-
boxykinase (PEPCK) and glucocorticoid receptor 
(GR) mRNA were increased. These observations 
suggest that excessive glucocorticoid exposure in 
late pregnancy predisposes the offspring to glu-
cose intolerance and insulin resistance.

 Uteroplacental Insufficiency Model

Uteroplacental insufficiency (UPI) is one of the 
most common causes of IUGR worldwide and 
is caused by disorders such as preeclampsia, 
maternal smoking, and abnormalities of utero-
placental development. UPI restricts the supply 
of crucial nutrients to the fetus, thereby limiting 
fetal growth. In one model of UPI in Sprague 
Dawley rats, pregnant dams undergo bilateral 
uterine artery ligation on gestational day 18 (term 
is 22) and deliver spontaneously [37]. UPI fetal 
rats have critical metabolic features characteris-
tic of growth-retarded human fetuses: decreased 
glucose, insulin, IGF-1, amino acids, and oxygen 
[37–40]. Birth weights of UPI offspring are sig-
nificantly lower than those of controls and UPI- 
affected offspring weigh less than control rats 
until approximately 7 weeks of age. Between 7 
and 10 weeks of age, the growth rate of UPI off-
spring accelerates and weights of UPI rats surpass 
that of controls; by 26 weeks, UPI rats are obese 
[37]. There are no significant differences in blood 
glucose and insulin concentrations at 1 week of 
age. However, by 7–10 weeks of age, IUGR rats 
develop mild fasting hyperglycemia and hyperin-
sulinemia. UPI male offspring are glucose-intol-
erant and insulin-resistant by 15  weeks of age. 
First-phase insulin secretion in response to glu-
cose is impaired by 7 weeks of age in UPI males, 
before the onset of hyperglycemia. By 6 months 
of age, UPI offspring developed diabetes, which 
was similar to type 2 diabetes seen in humans 
with progressive dysfunction of insulin secretion 
and insulin action [37].

Multiple studies have shown that intrauterine 
growth retardation is associated with increased 
oxidative stress in the human fetus [41, 42]. A key 
adaption enabling the fetus to survive in a limited 
energy environment may be the reprogramming 
of mitochondrial function, but this can have del-
eterious effects in cells with high energy require-
ments. Reactive oxygen species production and 
oxidative stress gradually increase in islets from 
offspring exposed to UPI [43]. ATP production is 
impaired and activities of complex I and II of the 
electron transport chain progressively declined in 
UPI islets [43]. There is decreased expression of 
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mitochondrially encoded genes in UPI islets, and 
mitochondrial dysfunction resulted in impaired 
insulin secretion [43]. In addition, UPI hepato-
cytes had lower rates of oxidation of pyruvate, 
glutamate, succinate, and alpha-ketoglutarate at 
28  days of life and increased levels of manga-
nese superoxide dismutase, suggesting that UPI 
impairs mitochondrial oxidative phosphorylation 
in the liver while also inducing an antioxidant 
response [44]. In UPI skeletal muscle, glyco-
gen content and insulin- stimulated 2-deoxyglu-
cose uptake were both reduced at 3–6  months 
of age. In addition, UPI skeletal muscle mito-
chondria have decreased pyruvate oxidation, 
leading to decreased ATP production and, even-
tually, decreased energy- dependent recruitment 
of GLUT4 to the cell surface of UPI myocytes. 
Decreased GLUT4 expression results in a 
decrease in skeletal muscle glucose uptake in the 
UPI rat [45]. The effects of UPI on mitochondria 
described above all contribute to hyperglycemia 
and insulin resistance that ultimately lead to the 
development of T2D.

Studies with the UPI model suggest that 
the aberrant intrauterine milieu permanently 
impairs insulin signaling in the liver, resulting in 
an augmentation gluconeogenesis [46]. At age 
7–9 weeks, male offspring exposed to UPI have 
increased hepatic glucose production (HGP) at 
baseline, and insulin suppression of HGP was 
impaired. IRS2 and Akt-2 phosphorylation are 
significantly blunted in the UPI offspring, and 
PEPCK and glucose-6-phosphate mRNA levels 
are increased threefold [46]. These processes occur 
early in the UPI offspring’s adult life, before the 
onset of hyperglycemia, indicating that UPI causes 
a primary defect leading to hepatic insulin resis-
tance that contributes to the eventual development 
of overt hyperglycemia along with the β(beta)-cell 
defects described in this model [37, 43]. Follow-up 
studies demonstrated that treatment of the UPI off-
spring with exendin-4—a glucagon-like protein-1 
agonist—during the first week of life permanently 
prevented the development of hepatic insulin 
resistance and oxidative stress in the UPI liver, 
while also permanently reversing hepatic insulin- 
signaling defects [47], preventing the development 
of T2D in the offspring.

 Epigenetic Modifications

One mechanism by which environmental 
perturbations leading to IUGR can result in 
hyperinsulinemia and diabetes is by altering 
gene expression through epigenetic modifica-
tions. Epigenetic modifications are defined as 
mitotically heritable alterations in gene expres-
sion that are not related to changes in DNA 
sequence. Epigenetic modifications of the 
genome provide a mechanism that allows the 
stable propagation of gene expression from one 
generation of cells to the next [48–52]. There 
are several distinct mechanisms through which 
epigenetic information can be inherited, includ-
ing histone modifications, DNA methylation, 
and noncoding RNAs.

 Histone Modifications

The amino termini of histone proteins can 
be modified by acetylation, methylation, 
sumoylation, phosphorylation, glycosylation, 
and ADP-ribosylation. Methylation of histones is 
associated with both transcription repression and 
activation. Lysine residues can be mono-, di-, or 
trimethylated in  vivo, providing an additional 
level of regulation [48]. These modifications 
impact gene expression by altering chromatin 
structure or by recruiting histone modifiers.

 DNA Methylation

DNA methylation occurs when DNA methyl-
transferase adds a methyl group at the C5 posi-
tion of cytosine. Approximately 70% of CpG 
dinucleotides in human DNA are constitutively 
methylated, whereas most of the unmethyl-
ated CpGs are located in CpG islands, CG-rich 
sequences located near coding sequences that 
serve as promoters for their associated genes. 
Approximately half of mammalian genes have 
CpG islands. The methylation status of CpG 
islands within promoter sequences works as 
an essential regulatory element by modifying 
the binding affinity of transcription factors to 
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DNA- binding sites. In normal cells, most CpG 
islands remain unmethylated; however, under 
circumstances such as cancer and oxidative 
stress, they can become methylated de novo. 
This aberrant methylation is accompanied by 
local changes in histone modification and chro-
matin structure, such that the CpG island and 
its embedded promoter take on a repressed 
conformation that is incompatible with gene 
transcription. DNA methylation is commonly 
associated with gene silencing and contrib-
utes to X-chromosomal inactivation, genomic 
imprinting, and transcriptional regulation of 
tissue-specific genes during cellular differen-
tiation [51].

 Chromatin Remodeling in Liver 
and Skeletal Muscle in Intrauterine 
Growth Restriction Offspring

A reduction in glucose transport in muscle is a 
central basis for insulin resistance in IUGR off-
spring [29, 53]. Glucose transport, a rate-limiting 
step in glucose utilization under normal physi-
ological circumstances, occurs by facilitated dif-
fusion [54]. This process is mediated by a family 
of structurally related membrane-spanning gly-
coproteins, termed the facilitative glucose trans-
porters (GLUT; Slc2 family of transport proteins; 
reviewed in [55]). Of the isoforms cloned to 
date, GLUT4 is the major insulin-responsive iso-
form expressed in insulin-sensitive tissues, such 
as skeletal muscle, adipose tissue, and cardiac 
muscle [55]. In the total calorie restriction model 
of IUGR, epigenetic marks associated with gene 
silencing have been described at the promoter 
of the glucose transporter 4 (glut4) in skeletal 
muscle [35]. The promoter region of glut4 has 
been well characterized, and disruption of the 
myocyte enhancer factor 2 (MEF2)-binding 
site ablates tissue-specific glut4 expression in 
transgenic mice [55]. Myogenic differentiation 
(MyoD) on the other hand is responsible for glut4 
expression in vitro during myoblast to myocyte 
differentiation [56]. MyoD binding with MEF2 
and transcription- associated protein α(alpha)1 
(TRα[alpha]1) spans the 502- to 420-bp region 

of the glut4 gene in skeletal muscle. These two 
proteins synergistically enhance skeletal muscle 
glut4 transcription and gene expression [56].

Raychaudhuri and colleagues demonstrated 
that IUGR is associated with an increase in 
MEF2D (a form of MEF2 that acts as an inhibi-
tor) and a decrease in both MEF2A (a form of 
MEF2 that acts as an activator) and MyoD (a 
coactivator) binding to the glut4 promoter in 
skeletal muscle [35]. Interestingly, no differen-
tial methylation of these three CpG clusters in 
the glut4 promoter was found. Furthermore, they 
found increased DNA methyltransferase (DNMT) 
binding at the glut4 gene at different ages: DNA 
methyltransferase 1 (DNMT1) postnatally and 
DNMT3a and DNMT3b in adults [35]. The 
increase in DNMT binding was associated with 
exposure to increased methyl CpG- binding pro-
tein 2 (MeCP2) concentrations. Covalent modifi-
cations of the histone code consisted of histone 
3 lysine 14 (H3K14) deacetylation mediated by 
recruitment of HDAC1 and enhanced association 
of histone deacetylase 4 (HDAC4) enzymes. This 
set the stage for Suv39H1 methylase-mediated 
di-methylation of H3K9 and increased recruit-
ment of heterochromatin protein 1, which par-
tially inactivates postnatal and adult IUGR glut4 
gene transcription. These studies demonstrate that 
perinatal nutrient restriction resulting in IUGR 
leads to silencing histone modifications in skel-
etal muscle, which in turn directly decrease glut4 
gene expression. These events effectively create a 
metabolic knockdown of glut4, contributing to the 
T2D phenotype [35]. Hence, these studies show 
that histone modifications can be inherited stably 
in a calorie-restricted model of IUGR, mimicking 
the 1944 Dutch famine experience.

In the LP model of IUGR, Lillycrop et  al. 
investigated the effect of unbalanced maternal 
nutrition on the methylation status of the per-
oxisomal proliferator-activated receptor (PPAR) 
and glucocorticoid receptor (GR) genes in the 
liver of IUGR rats and the relationship to hepatic 
gene expression. They found that in 1-month-old 
IUGR offspring, there was a 21% reduction in 
PPAR-α(alpha) promoter methylation in IUGR 
rat liver that corresponded to a tenfold increase 
in PPAR-α(alpha) gene expression [57]. In addi-
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tion, they found that the GR promoter had a 
23% decrease in methylation in livers from the 
protein- restricted IUGR offspring at 1  month 
of age, which was associated with a threefold 
increase in hepatic GR expression. The investi-
gators further demonstrated that the decrease in 
PPAR-α(alpha) and GR promoter methylation 
in the protein- restricted offspring persisted into 
the F1 and F2 generations [58]. Finally, a subse-
quent study reported that the decreases in GC and 
PPAR- α(alpha) promoter methylation in the liver 
were preventable by providing folic acid supple-
mentation to the protein-restricted dams [59].

Radford et  al. sought to assess the role of 
imprinted genes in the developmental origins of 
health and disease [60]. It has been proposed that 
imprinted genes—a class of functionally mono- 
allelic genes critical for growth and metabolic 
development—are uniquely susceptible to envi-
ronmental change and that perturbations of the 
epigenetic regulation of the imprinting control 
regions of such genes may play a role the devel-
opment of adult disease after an early life insult. 
The authors analyzed the hepatic expression of 
imprinted genes using microarray and quantita-
tive polymerase chain reaction (PCR) in two 
affected generations of IUGR induced by total 
calorie restriction of the dam [60]. They found 
that imprinted genes as a class were not particu-
larly susceptible to expression changes in the 
liver following in utero undernutrition. In addi-
tion, imprinted genes in the developing germline 
were not affected, and imprinted genes were 
largely stable in the second generation [60].

Brøns et al. studied men born with low birth 
weight (LBW) who were exposed to 5  days of 
a high-fat diet to investigate whether the pre-
sumed exposure to an altered intrauterine milieu 
programmed the ability to adapt to the effect 
of a high-fat diet later in life [61]. The authors 
showed that DNA methylation and gene expres-
sion of peroxisome proliferator-activated receptor 
γ(gamma), coactivator 1-α(alpha) (PPARGC1A) 
in human muscle were influenced by both expo-
sure to a high-fat diet and low birth weight [61]. 
They studied 20 healthy young men with a his-
tory of LBW and 26 matched control men with 
normal birth weight after 5 days of high-fat, high- 

calorie diet (50% extra calories and 60% fat) and 
reported that LBW men had peripheral insulin 
resistance and reduced PPARGC1A and coregu-
lated oxidative phosphorylation (OXPHOS) gene 
expression in muscle. PPARGC1A promoter 
methylation was significantly higher in LBW 
subjects during the control diet. After 5 days of 
high-fat feeding, the control subjects had a signif-
icant increase in PPARGC1A promoter methyla-
tion compared to baseline, but the LBW subjects 
did not show any difference [61]. The increase in 
PPARGC1A promoter methylation after high-fat 
feeding in the control men was reversible and did 
not correlate with mRNA expression. Although 
this study was the first to provide experimental 
support in humans that DNA methylation induced 
by overfeeding is reversible, the extent to which 
the persistent increased PPARGC1A promoter 
methylation in LBW subjects contributes to the 
decreases in mRNA expression of PPARGC1A 
and OXPHOS genes still needs to be defined.

Finally, Einstein et al. mapped genome-wide 
changes in DNA methylation in CD34 hemato-
poietic stem cells isolated from umbilical cord 
blood in IUGR (n  =  5) and control offspring 
(n  =  5) to determine if IUGR altered genome- 
wide DNA methylation [62]. Using a genome- 
wide DNA methylation assay, they identified 56 
genetic loci with significant changes in DNA 
methylation between IUGR CD34 cells and 
controls. Functional relationships between 
genes containing loci with significant changes 
in DNA methylation were mapped using 
Ingenuity Pathway Analysis, and the resulting 
networks centered around HNF4A, a pancreatic 
transcription factor implicated in MODY1 and 
T2D.  Additionally, four previously described 
imprinted genes associated with IUGR (IGF2 
differentially methylated region [DMR], H19 
DMR and promoter region, and KCNQ1 DMR) 
did not show any significant changes in DNA 
methylation in CD34 cells in this study. The 
authors conclude that the DNA methylation 
changes observed in the CD34 hematopoietic 
stem cells are indicative of the epigenetic dys-
regulation associated with intrauterine growth 
restriction and represent a form of cellular mem-
ory of the aberrant intrauterine environment.
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 Genome-Wide Association Studies 
Linking Birth Weight and Type 2 
Diabetes

The studies and models described previously dem-
onstrate a strong association between an aberrant 
intrauterine environment and the development of 
insulin resistance later in life. There is also evi-
dence that specific genes may have effects on both 
birth weight and T2D. Genome-wide association 
studies (GWAS) have identified more than 100 
genetic loci associated with T2D, suggesting that 
T2D is a complex genetic disorder influenced by 
interactions between multiple genetic susceptibil-
ity loci and environmental perturbations [63, 64]. 
Additionally, a recent GWAS identified 60 loci 
associated with birth weight and concluded that 
approximately 15% of birth weight variance is 
due to a genetic effect. The same study described 
a strong inverse correlation between birth weight 
and later life cardiometabolic disease, indicating 
that there are appreciable genetic components 
influencing the intrauterine environment [65, 66]. 
However, since the prevalence of T2D continues 

to increase worldwide, factors contributing to this 
increase cannot be attributed to genetics alone [2]. 
In addition, although there is a strong correlation 
between fetal and maternal genotype, it is not 
clear if the reported inverse correlation between 
birth weight and T2D actually reflects maternal 
genetic effects on birth weight that also influence 
the intrauterine environment [65].

 Conclusion

The four rodent models of IUGR described pre-
viously demonstrate that exposure to an adverse 
environment in utero results in fetal adaptations 
that ultimately have consequences leading to 
abnormalities in glucose homeostasis and insu-
lin metabolism in the adult animal. Such fetal 
adaptations lead to changes in gene expression, 
but the specific mechanisms that mediate these 
processes are still being investigated and likely 
involve a combination of environmental effects, 
genetic susceptibility, and epigenetic modifica-
tions (Fig. 15.2). IUGR-induced changes in the 

Fig. 15.2 There is a complex interaction between IUGR, 
genetics, and epigenetics resulting in insulin resistance in 
liver, skeletal muscle, and adipose tissue. IUGR in combi-
nation with epigenetic modifications (DNA methylation 
and histone modifications) and genetic susceptibility can 

lead to insulin resistance at peripheral tissues such as 
liver, muscle, and adipose tissue. A combination of 
impaired insulin secretion and insulin resistance underlies 
the pathophysiology of type 2 diabetes
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epigenetic regulation of gene expression is one 
mechanism by which the in utero insult of IUGR 
can lead to the development of insulin resistance 
in adult offspring. Hnf4α(alpha), PPAR-α(alpha), 
and the GC receptor all appear to be susceptible 
to epigenetic modifications induced by IUGR 
that can lead to abnormal expression. However, 
there remains a great deal of work to be done to 
determine additional mechanisms involved in 
altering gene expression at specific loci and on a 
genome-wide basis in IUGR that ultimately lead 
to the development of insulin resistance and T2D.
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The polycystic ovary syndrome (PCOS) is a very 
common disorder with important short-term 
and long-term consequences. Indeed, affected 
women manifest many clinical and biochemical 
features of the metabolic syndrome, putting them 
at increased risks for diabetes and other cardio-
metabolic comorbidities. In the past 30 years, the 
key role of insulin resistance in the pathogenesis 
of PCOS has been stressed, and this common eti-
ology between the two syndromes might account 
for their similarities. In fact, PCOS is considered 
a consequence of insulin resistance in the same 
way as the metabolic syndrome and women at 
risk for PCOS are also subject to the development 
of the metabolic syndrome. Thus, this chapter 
will explore the relationships between the meta-
bolic syndrome and PCOS.

 Overview

Polycystic ovary syndrome affects 8% to 12% 
of women of childbearing age and represents the 
most frequent medical cause of female infertil-
ity [1, 2]. It is the most common endocrinopathy 
among young women and a major general health 
issue. PCOS is defined by the presence of two of 

the following three criteria: oligo- or anovulation, 
hyperandrogenism (clinical and/or biochemical), 
and polycystic ovaries [2–4]. Other hyperandro-
genic disorders must be excluded (congenital 
adrenal hyperplasia, androgen- secreting tumors, 
Cushing’s syndrome).

The key role of insulin resistance and sub-
sequent hyperinsulinemia in the pathogenesis 
of PCOS has been underscored with increasing 
evidence in the literature of the last decades. 
New treatment strategies for the syndrome have 
emerged from this association, but also a concern 
that women with PCOS could be at higher risk 
of developing other insulin resistance-related 
disorders. This chapter will explore clinical and 
pathophysiological connections between PCOS 
and the metabolic syndrome.

 Insulin Resistance and Polycystic 
Ovary Syndrome

The literature of the last 30  years has demon-
strated the presence of insulin resistance and 
compensatory hyperinsulinemia in the majority 
of women with PCOS (between 44% and 70%) 
[5]. Using the gold standard hyperinsulinemic–
euglycemic clamp, it has been shown that women 
with PCOS have a lower peripheral insulin sen-
sitivity, independently of obesity [6, 7]. The 
authors attributed these results to a form of insulin 
resistance related to adiposity, as well as another 
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form that was intrinsic to the syndrome. Insulin 
 resistance has been shown to arise early in the 
disease, as obese adolescents with PCOS are also 
significantly more insulin-resistant than obese 
adolescents without PCOS [8–10]. Furthermore, 
women with PCOS have been shown to pres-
ent similar insulin resistance than age and body 
mass index (BMI)-matched individuals with type 
2 diabetes (T2D) [11]. Several lines of evidence 
from insulin sensitization by drugs or physi-
cal activity have proven that hyperandrogenism 
and menstrual cyclicity improve in both lean and 
obese women with PCOS by decreasing insulin 
resistance [5, 12–15].

Accordingly, Dunaif et al. described an insu-
lin receptor or post-receptor signal transduction 
defect in women with PCOS [6]. Later, they 
demonstrated increased insulin receptor serine 
phosphorylation in women with PCOS in vitro, 
which could account for the post-binding defect 
of insulin action [16]. Other in vitro studies using 
adipocytes from nonobese PCOS women showed 
insensitivity to inhibition of lipolysis by insulin 
and a decrease in adipocyte glucose uptake [17], 
two features consistent with an insulin recep-
tor or post-receptor defect. More recently, the 
role of muscular mitochondrial dysfunction and 
impaired oxidative phosphorylation as a cause of 
peripheral insulin resistance in PCOS has been 
suggested in the literature [9, 11]. A decrease in 
the expression of genes implicated in mitochon-
drial oxidative metabolism has been shown in 
muscle of women with PCOS [18]. Furthermore, 
measurement of mitochondrial function in  vivo 
in obese adolescent with PCOS has shown 
decreased postexercise oxidative phosphoryla-
tion, as compared to obese adolescents without 
PCOS [9].

It has also been shown that PCOS insulin 
resistance is not global, since PCOS women do 
not show resistance to insulin actions on ovar-
ian androgen production or liver sex hormone- 
binding globulin (SHBG) suppression. Insulin 
acts directly on the ovary to stimulate androgen 
biosynthesis, via its own receptor, as demon-
strated by multiple theca cells studies in  vitro 
[19–21]. Moreover, theca cells from PCOS 
women showed a greater androgen production in 

response to insulin in comparison to theca cells 
of women without PCOS [22, 23]. Insulin also 
inhibits sex hormone-binding globulin production 
by the liver, thus increasing free testosterone [24, 
25]. Notably, insulin sensitizers [26] or insulin- 
lowering drugs [27, 28] increase sex hormone- 
binding globulin levels in PCOS women. Insulin 
may also increase ovarian responsiveness to 
luteinizing hormone (LH) stimulation [29] and 
pituitary release of LH [15]. By increasing ovar-
ian responsiveness to LH and intraovarian andro-
gen production, insulin could cause premature 
activation of preovulatory ovarian follicles and 
arrest of subsequent follicles. Arrested follicles 
provide a constant supply of androgens, since 
atretic follicles are deficient in aromatase. Taken 
together, all of these effects of abnormal insulin 
action lead to hyperandrogenism [30]. A sum-
mary of our proposed pathogenesis of PCOS is 
illustrated in Fig. 16.1.

It is important to note that, while many women 
present with hyperinsulinemic insulin resistance, 
including most obese women, only a minority of 
them develop PCOS.  Consequently, there must 
be other factors to explain the development of the 
syndrome. Furthermore, some PCOS subjects are 
normo-insulinemic and normally insulin sensi-
tive [31–33] and have been shown to normalize 
their hyperandrogenemia with diazoxide, a pure 
insulin-lowering medication (Fig.  16.2) [28], 
as well as insulin-sensitizing drugs (metformin 
and rosiglitazone) [34]. Therefore, insulin action 
plays a role in the pathogenesis of PCOS even 
in women with normal insulin levels and normal 
insulin sensitivity, suggesting hyperresponsive-
ness to insulin actions on androgen production 
and/or binding. Thus, some PCOS women may 
present with an increased sensitivity of andro-
genic pathways to insulin that is severe enough 
to cause the syndrome even in the absence of sys-
temic resistance to insulin action [35].

However, in most PCOS women, this insulin 
sensitivity defect is probably not severe enough 
to manifest at normal insulin concentrations, and 
they must develop global insulin resistance with 
compensatory hyperinsulinemia before PCOS 
becomes clinically apparent. Therefore, the asso-
ciation of PCOS with insulin resistance may 
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predominately reflect selection based on clinical 
presentation. According to this hypothesis, the 
insulin resistance characteristic of PCOS might 
not be specific but, instead, shares the same 
causes as other insulin-resistant states. These 

might be genetically or epigenetically deter-
mined or acquired following deleterious lifestyle 
and/or weight gain.

Overexposure of non-adipose tissues to free 
fatty acids (FFAs) leading to functional cellular 

Fig. 16.1 Proposed pathophysiology of PCOS. PCOS is 
represented by a spectrum of clinical presentations, where 
PCOS hyperandrogenism symptoms result from the inter-
action between lipotoxicity and hyperresponsiveness of 
androgen-secreting organs to insulin. On one end of the 
spectrum, PCOS may manifest because of a high genetic 

predisposition to the effects of lipotoxicity on androgen- 
secreting tissue despite low degree of insulin resistance 
and hyperinsulinism. On the opposite end of the spectrum, 
women with high insulin resistance and hyperinsulinism 
may have hyperandrogenic manifestations despite a rela-
tively low genetic predisposition

Fig. 16.2 Calculated 
free testosterone 
concentrations before 
and after treatment with 
diazoxide and leuprolide 
acetate in lean control 
(bar to the left, n = 17) 
and lean PCOS women 
(bars to the right, n = 9). 
Results are presented as 
means and standard 
error of the mean 
(SEM). (Adapted with 
permission from 
Baillargeon and 
Carpentier [28])
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defects (lipotoxicity) is now considered a key 
mechanism in the development of muscular and 
hepatic insulin resistance, as well as pancre-
atic β(beta) cell dysfunction, that leads to T2D 
[36]. Deleterious cellular consequences of FFA 
are exacerbated by defective mitochondrial 
β(beta)-oxidation of FFA due to mitochondrial 
dysfunction, which was described in PCOS as 
mentioned above [9, 11, 18]. Non-adipose tis-
sue can be exposed to FFA through either the 
uptake of circulating FFAs, which are higher 
during fasting, or the uptake of FFA coming 
from hydrolysis of triglycerides by endothelial 
lipoprotein lipase circulating in chylomicrons 
or VLDL (triglycerides–rich lipoproteins). 
Increased levels of circulating FFA may 
result from adipose tissue dysfunction, with 
decreased suppressibility of intracellular lipol-
ysis by insulin [37, 38]. Although few studies 
have shown an increase in fasting circulating 
FFA in PCOS women and adolescents [10, 39], 
both adults and adolescents with PCOS were 
found to display higher postprandial levels of 
triglycerides [40, 41]. Recent evidence suggests 
that ovarian and adrenal cells may also be over-
exposed to circulating FFA in PCOS and that it 
may contribute directly to the overproduction 
of androgens [42–44].

Since insulin resistance is a key factor in the 
pathogenesis of PCOS and is highly inheritable 
[45], along with PCOS [2, 30, 46, 47], siblings 
of women with PCOS should be more affected 
by insulin resistance and the metabolic syn-
drome than the general population. Accordingly, 
our group found that when brothers of women 
with PCOS are compared to control men, they 
are characterized by reduced insulin sensi-
tivity (determined by insulin–glucose clamp 
techniques), decreased glucose tolerance, 
hypertriglyceridemia, and dyscoagulability, 
all of which are independent of the degree of 
adiposity [48]. We also determined that girls 
aged between 8 and 14 years, who have a first-
degree relative affected by PCOS, display insu-
lin resistance and resistance to insulin-mediated 
lipolysis compared to age-matched control girls, 
suggesting this is an early inheritable event [37]. 
Other studies found decreased insulin sensitiv-

ity in relatives of women with PCOS [49–51]. 
Therefore, siblings of PCOS women might also 
inherit the insulin resistance and metabolic syn-
drome typical of PCOS.

 Metabolic Syndrome and Polycystic 
Ovary Syndrome

Much overlap exists between PCOS and the 
metabolic syndrome, both clinically and bio-
chemically (Fig.  16.3) [52]. According to the 
2005 National Institutes of Health National 
Cholesterol Education Program–Adult 
Treatment Panel III (NCEP-ATPIII)[53], the 
diagnosis of the metabolic syndrome in women 
can be made when three or more of the follow-
ing metabolic abnormalities are present: cen-
tral obesity with a waist circumference >88 cm 
(35 in), fasting serum triglyceride ≥150 mg/dL 
(1.7  mmol/L), serum high-density lipoprotein 
(HDL) cholesterol <50  mg/dL (1.3  mmol/L), 
blood pressure ≥130/85  mm Hg or antihyper-
tensive medication, and fasting serum glucose 
≥100 mg/dL (5.6 mmol/L) or known T2D. Most 
of the studies cited herein used this definition, 

Fig. 16.3 Relationships among polycystic ovary syn-
drome, the metabolic syndrome, and insulin resistance. 
Approximately 50–80% of PCOS women are insulin- 
resistant and 43–47% have the metabolic syndrome. 
Similarly, approximately 68–74% of individuals with the 
metabolic syndrome have insulin resistance. (Adapted 
with permission from Essah and Nestler [52])
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but a more recent definition established by the 
International Diabetes Federation is increasingly 
adopted worldwide: see [54] for details.

Assuming insulin resistance is a central fac-
tor in the pathogenesis of the two disorders [5], it 
is not surprising to find an increased prevalence 
of the metabolic syndrome in women with PCOS 
and a high rate of PCOS in women with the met-
abolic syndrome. Clinically, women presenting 
both with PCOS and the metabolic syndrome 
were found to have more pronounced hyperandr-
ogenemia and increased frequency of acanthosis 
nigricans [55]. These findings suggest a greater 
degree of insulin resistance in those cases. In this 
section, we will discuss the relationship between 
PCOS and the metabolic syndrome, as well as 
each of its components. Table 16.1 summarizes 
the prevalence of these aspects in women with 
PCOS [55–61].

 Overlap Between Metabolic 
Syndrome and Polycystic Ovary 
Syndrome

The metabolic syndrome is overrepresented 
among women with PCOS. A systematic review 
and meta-analysis published in 2010 reported 
the prevalence of metabolic syndrome in women 
with PCOS as compared to a control population 
from 18 studies, including 2256 women with 
PCOS and 4130 women without PCOS [62]. 
Overall, women with PCOS had higher preva-
lence of metabolic syndrome: 22.5% of women 
with PCOS versus 17.7% of the controls; OR 
3.01 (2.06–4.41). Considering the subgroup 
of studies who included only BMI-matched 
controls [63–67], the odds ratio for metabolic 
syndrome was 2.20  in women with PCOS in 
comparison to controls.

The overrepresentation of the metabolic syn-
drome in PCOS, in comparison to same age gen-
eral population, was shown to be present even in 
individuals under 20 years old [55]. Accordingly, 
Vural et al. found a prevalence of the metabolic 
syndrome of 11.6% in lean women with PCOS 
aged between 18 and 22 years compared to 0% 
in controls [59].

Obesity explains to a large extent the pres-
ence of the metabolic syndrome among women 
with PCOS who seek medical attention, and 
the prevalence of metabolic syndrome is much 
higher in women with PCOS with overweight 
and obesity [57, 60]. As described in more 
details later, the referral bias of obese/overweight 
women observed among women with PCOS may 
have overestimated the prevalence of metabolic 
syndrome among the general PCOS popula-
tion [68] but remains significant in comparison 
to women without PCOS with the same BMI 
[62]. On the other hand, none of the women with 
a BMI  <27  kg/m2 (n  =  52) had metabolic syn-
drome in the study from Ehrmann et al. [60], and 
a significantly lower proportion of women had 
metabolic syndrome in the lean PCOS population 
versus obese PCOS population (15.8% vs. 58%) 
in a study from Attaoua et al. [65]. Also, accord-
ing to one study in adolescents with overweight 
or obesity, the prevalence of metabolic syndrome 
seems largely influenced by obesity at this age, 
and PCOS per se may not contribute to the same 
extent to metabolic syndrome early in the disease 
[69]. However, more studies will be needed to 
understand the risk of metabolic syndrome in the 
young, lean population with PCOS.

It has also been shown that the prevalence of 
the metabolic syndrome is increased among first- 
degree relatives of women with PCOS. As noted 
above, Sam et al. [50] found a higher prevalence 
of the metabolic syndrome in sisters presenting 
the phenotype of PCOS (52%) or hyperandrogen-
emia with normal menses (23%), as compared 
with unaffected sisters (7%). These authors also 
reported that the prevalence of metabolic syn-
drome was increased in mothers, brothers, and 
fathers of women with PCOS compared to pop-
ulation from the National Health and Nutrition 
Examination Survey III (NHANES III) [49, 70].

 Obesity and Polycystic Ovary 
Syndrome

Approximately 80% of women with PCOS 
in the United States and 50% outside of the 
United States are obese [2]. However, this high 
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percentage may have been overestimated sec-
ondary to a referral bias in PCOS clinical stud-
ies [68, 71]. In fact, Lizneva et al. showed that 
PCOS women with obesity in an unselected 
US population represented 28% of all PCOS 
women, the same prevalence as in controls 
(28.4%), but represented 63% of PCOS women 
referred to the reproductive endocrinology 
clinic [68]. This referral bias may have led to 
an overestimation of the occurrence of obesity 
in women with PCOS. Indeed, this group also 
showed that the risk of PCOS was only slightly 
elevated with obesity in women of reproduc-
tive age [72]. Still, obesity is associated with an 
exacerbation of the clinical manifestations of 
PCOS, which may cause some women to seek 
medical advice.

It was previously shown that the obesity 
pattern tended to be android in women with 
PCOS.  These studies were using the waist-to-
hip ratio or dual-energy X-ray absorptiometry 
(DEXA) scan to evaluate body fat distribution. 
However, more precise evaluation of abdominal 
fat and visceral fat using magnetic resonance 
imaging (MRI) or computed tomography (CT) 
scan did not confirm these observations [10, 73–
76]. It is, therefore, still unclear whether women 
with PCOS are more prone to an android body 
fat distribution.

 Dyslipidemia and Polycystic Ovary 
Syndrome

Low serum high-density lipoprotein (HDL) cho-
lesterol is the most frequently occurring compo-
nent of the metabolic syndrome among women 
with PCOS and occurs in 68% of the cases [52]. 
It has also been demonstrated that PCOS women 
present with a significant increase in low-density 
lipoprotein (LDL) cholesterol levels when com-
pared with controls. Moreover, they frequently 
present with abnormally high concentrations of 
small, dense LDL particles and triglyceride–rich 
lipoproteins—a profile known to be atherogenic 
[77]. Notably, dyslipidemia occurs both in lean 
and overweight PCOS women and affects all age 
groups [77]. Lipoprotein (a) (Lp(a)), an athero-

genic lipoprotein and independent risk factor for 
cardiovascular disease, has also been shown to be 
elevated in women with PCOS [78–80].

 Hypertension and Polycystic Ovary 
Syndrome

Evidence regarding the risk of hypertension attrib-
uted to PCOS per se is still scarce and conflicting. 
A few cohort studies reported an increased preva-
lence of hypertension in women with PCOS [81, 
82], and a systematic review and meta-analysis of 
40 observational studies concluded that PCOS in 
pregnancy was associated with greater risk of preg-
nancy-induced hypertension [83]. However, these 
studies involved important methodological biases, 
as the presence of hypertension was self-reported 
and/or control populations were not matched or 
similar for BMI or other confounding risk factors. 
In two case- control studies of non-hypertensive 
young women, 24-hour ambulatory monitoring 
in small numbers of participants showed conflict-
ing results. In the first study, daytime systolic and 
mean blood pressures were slightly higher in a 
group of 18 women with PCOS in comparison to 
17 controls of similar age and BMI. The difference 
persisted after correction for confounding factors. 
However, nighttime systolic, diastolic, and office 
blood pressures did not differ between the groups 
[84]. In the second study, mean daytime systolic 
and diastolic blood pressures were not differ-
ent between groups, but there was an absence of 
nighttime dip pattern in women with PCOS [85]. 
Of importance, in this study, hypertension was 
diagnosed in 33% of young women with PCOS 
and was better identified using 24-hour ambula-
tory monitoring than office blood pressure. On the 
other hand, a higher daytime blood pressure was 
more associated with obesity than PCOS itself.

It is also not clear whether age influences 
the risk of high blood pressure in women with 
PCOS.  In a case-control study, Coviello et  al. 
reported that obese adolescents with PCOS had a 
high prevalence (27%) of hypertension compared 
to the reference population from NHANES III 
(1%), as defined by seated blood pressure ≥95th 
percentile [86]. Furthermore, 41% had a blood 

16 Polycystic Ovary Syndrome and Metabolic Syndrome



262

pressure ≥90th percentile, compared to only 2% in 
the reference population from NHANES III [86]. 
As the control group was nonobese, obesity per 
se may explain this high proportion of hyperten-
sion and prehypertension early in life. However, 
in a study of non-hypertensive obese adolescents 
with PCOS (n = 36) compared to obese controls 
(n = 17), inpatient 24-hour blood pressure moni-
toring did not show significant difference in sys-
tolic or diastolic blood pressure between groups 
[87]. Nevertheless, 16.7% of adolescent girls with 
PCOS were defined as prehypertensive, compared 
to 11.8% in the control group (p  =  0.299), and 
the proportion of nighttime non-dippers was 25% 
(n = 9) in girls with PCOS versus 5.9% (n = 1) in 
obese controls (p = 0.082). These differences were 
not statistically different between groups, but this 
study may have been underpowered for this out-
come [87].

In conclusion, there is a lack of large-scale 
data, using gold standard measurement for 
blood pressure, to conclude whether PCOS per 
se is related to high blood pressure. Still, obesity 
seems to be an important risk factor for this com-
ponent of the metabolic syndrome, and a signifi-
cant proportion of obese women and adolescents 
may have hypertension.

 Diabetes and Polycystic Ovary 
Syndrome

With the implication of insulin resistance in the 
pathogenesis of PCOS, it is not surprising to find 
an increased prevalence of impaired glucose tol-
erance (IGT) and T2D among women with PCOS 
[62]. Indeed, cross-sectional and prospective 
studies have found that the prevalence of IGT and 
T2D were 20–37% and 7.5–15%, respectively, 
among women with PCOS [88–94]. These num-
bers are much higher than in the US female popu-
lation of comparable age, where the prevalence of 
IGT and diabetes were estimated at 7% and 3%, 
respectively [95]. A systematic review and meta-
analysis have found an OR 2.5 and 4.0 for IGT 
and T2D, respectively, in women with PCOS in 
comparison to BMI-matched controls [62]. In 
addition, both lean and obese women with PCOS 
have an increased risk of diabetes, although obe-

sity and PCOS have an additive effect on glucose 
tolerance [89, 94]. Progression from IGT to dia-
betes is also increased twofold- to fivefold in the 
population with PCOS [90, 92]. In a prospective 
controlled study of 149 women with PCOS and 
166 controls without diabetes at baseline, the rela-
tive risk of developing T2D after 8 years of fol-
low-up was almost 4 times higher in women with 
PCOS in comparison to controls, after adjustment 
for age, and 2.4 times after further adjustment for 
BMI [94]. Moreover, women with PCOS tended 
to develop diabetes at an earlier age.

The prevalence of PCOS is also increased 
among women with T2D.  Indeed, in two retro-
spective studies of premenopausal women with 
T2D, 27% were found to have PCOS [96] and 
82% had polycystic ovary on transvaginal ultra-
sound [97]. Thus, PCOS is probably present in 
more than one-quarter of women with T2D.

 Cardiovascular Risk and Polycystic 
Ovary Syndrome

As shown previously, PCOS is associated with sev-
eral traditional cardiovascular risk factors, includ-
ing hypertension, dyslipidemia, and abnormal 
glucose tolerance, which may be exacerbated by 
the high proportion of obesity associated with this 
syndrome. However, PCOS is also associated with 
endothelial dysfunction and altered coagulation 
parameters, implying increased vascular oxida-
tive stress, increased hemostasis, and dysfibrinoly-
sis [98, 99]. Insulin resistance is associated with 
increased levels of serum inflammatory mediators 
[100, 101], which are implicated in the pathogene-
sis of cardiovascular disease. Accordingly, women 
with PCOS display higher levels of markers of 
inflammation or hypercoagulability, such as tumor 
necrosis factor- alpha (TNF-alpha), C-reactive 
protein (CRP), plasminogen activator inhibitor-1 
(PAI-1), homocysteine, tissue plasminogen activa-
tor (t-PA), and endothelin-1 [78].

A current systematic review and meta- analysis 
of literature suggests that early endothelial dys-
function, assessed by flow-mediated dilation 
[102], and premature subclinical carotid athero-
sclerosis [103] are more common in women with 
PCOS, even if they are young and have a normal 
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weight. Premature subclinical carotid athero-
sclerosis, measured by increased carotid intima- 
media thickness, was also reported in obese [87, 
104] and normal weight [59, 104] adolescents or 
young adults with PCOS, in comparison to age 
and BMI matched-controls.

It is therefore not surprising to find stud-
ies demonstrating early signs of subclinical 
coronary atherogenesis in premenopausal [105–
108] and postmenopausal [107] women with 
PCOS.  Furthermore, some small studies have 
reported left ventricular diastolic dysfunction 
or hypertrophy [109–111]. However, prema-
ture coronary atherosclerosis remains debated 
because coronary arterial calcification and aortic 
atherosclerosis plaque were not higher in PCOS 
premenopausal women in comparison to a large 
cohort from the Dallas Heart study [112].

Despite an increase in many surrogates of car-
diovascular risk factors and evidence of precocious 
atherosclerosis deposition, the evidence supporting 
an association between PCOS and increased car-
diovascular events or mortality is still unclear. This 
is due to the limited number of large, long-term, 
cohort studies able to adequately identify women 
with a history of PCOS. A systematic review and 
meta-analysis from de Groot et al. in 2011 included 
only five studies that reported the effect of PCOS 
on cardiovascular outcomes, of which only two 
were classified as having high methodological 
quality [113]. This meta-analysis reported a two-
fold increased risk of combined cardiovascular 
events in women with PCOS, which remained 
increased by approximately 50% when adjusted 
for BMI.  One of the two studies identified with 
high methodological quality, and weighting for 
22.3% of the meta-analysis, was retracted recently 
by authors because of diagnostic coding errors 
and inability to replicate the original results [114], 
further limiting the interpretation of this literature. 
The best evidence at this time is probably from the 
prospective cohort of the Nurse Health Study that 
used the presence of very irregular menses as a sur-
rogate of PCOS, which is considered an excellent 
proxy. This cohort included 82,439 women, the 
largest number to date, followed for 14 years up 
to a relatively young mean age of 48 years [115]. 
Women with very irregular menses displayed a risk 
of developing fatal or nonfatal myocardial infarct 

that was significantly increased by 50%. In addi-
tion, the risk of stroke also tended to be increased 
but did not reach statistical significance in this 
young cohort (RR 1.30; 95% IC 0.97–1.74).

Taken together, these results suggest that 
PCOS might indeed increase the risk for cardio-
vascular diseases, as suspected with its higher 
prevalence of individual components of the meta-
bolic syndrome.

 Hepatic Steatosis and Nonalcoholic 
Steatohepatitis (NASH)

Hepatic steatosis and nonalcoholic steatohepatitis 
(NASH)—steatosis with hepatic injury and inflam-
mation—are strongly associated with the meta-
bolic syndrome, insulin resistance, dyslipidemia, 
and cardiovascular disease. Evidence is growing 
that, for the same BMI, women with PCOS are at 
higher risk than women without PCOS of devel-
oping nonalcoholic fatty liver disease (NAFLD), 
including hepatic steatosis and NASH.  In a sys-
tematic review and meta-analysis reporting 17 
studies including 2734 women with PCOS and 
2561 controls of similar age and BMI, women 
with PCOS were at significantly higher risk of 
NAFLD (OR [95% CI]: 2.54 [2.19–2.95]) [116]. 
In a recent study, Cree-Green et  al. showed that 
NAFLD is also frequent at a young age in obese 
adolescents with PCOS in comparison to obese 
adolescent with the same BMI (49% vs. 14%) 
[10]. The accumulation of intrahepatic triglycer-
ides (IHTG) may occur in PCOS due to increased 
delivery of fatty acids to the liver, increased 
hepatic fatty acid synthesis (de novo lipogenesis), 
decreased fatty acid oxidation, or relative satura-
tion of lipoprotein triglyceride export [117, 118]. 
These hypothetical mechanisms derive from stud-
ies in the different population of NAFLD and have 
not yet been assessed in PCOS.

More importantly, IHTG accumulation 
leads to hepatic lipotoxicity that alters liver 
metabolism and may be central to the develop-
ment of hepatic insulin resistance and T2D in 
PCOS.  Belan et  al. [119] showed that alanine 
aminotransferase (ALT) in PCOS women was 
correlated with hepatic insulin resistance (based 
on the fasting homeostatic model assessment of 
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insulin resistance [HOMA-IR]) and negatively 
correlated with whole-body insulin sensitivity 
(Matsuda index) and insulin secretion (based 
on the 2-hour 75  g oral glucose tolerance test 
[OGTT]). Furthermore, an ALT cutoff ≥24 IU/L 
(within the normal range) was a strong predic-
tor of whole-body insulin resistance and could, 
therefore, help clinicians to identify women with 
PCOS at higher risk of metabolic alterations. 
Moreover, many studies consistently found an 
association between serum ALT and androgen 
concentrations, independent of BMI or insu-
lin resistance [119–121]. Taken together, these 
studies underscore the relationship that exists 
between insulin resistance, hepatic lipotoxicity, 
and hyperandrogenism in women with PCOS.

 Obstructive Sleep Apnea 
and Polycystic Ovary Syndrome

Since obstructive sleep apnea has been associated 
with the insulin resistance syndrome [122, 123], it 
is interesting to note that women with PCOS have 
a higher prevalence of obstructive sleep apnea 
than weight and age-matched controls [124–127]. 
Notably, it was demonstrated that insulin resis-

tance and impairment in glucose tolerance are 
strongly correlated with the apnea–hypopnea 
index in PCOS women [126]. Sleep apnea is also 
associated with other features of PCOS—namely, 
increased levels of the inflammatory cytokines 
interleukin-6 (IL-6) and tumor necrosis factor-
alpha (TNF alpha), as well as visceral fat [122].

 Metabolic Syndrome Screening 
in Polycystic Ovary Syndrome

Screening for T2D with an oral glucose tolerance 
test among women with PCOS is well accepted 
and is supported by the American College of 
Gynecology, the American Association of Clinical 
Endocrinologists, the Endocrine Society, and the 
Androgen Excess-PCOS Society [3, 128–130]. 
However, the American Diabetes Association 
recommends screening PCOS women with an 
OGTT only when their fasting plasma glucose 
(FPG) is over 5.6 mmol/L (100 mg/dL) [130]. We 
assessed the predictive value of the FPG cutoff 
point of 5.6  mmol/L for detection of abnormal 
glucose tolerance in PCOS women and found 
specificity of 98.7%, but a sensitivity of only 48% 
(Fig. 16.4) [131]. With this screening guideline, 

Fig. 16.4 Sensitivity (Se), specificity (Sp), positive 
predictive value (PPV), and negative predictive value 
(NPV) of the fasting plasma glucose cutoff value of 
5.6 mmol/L for the screening of abnormal glucose toler-
ance (AGT). DM2 type 2 diabetes mellitus, IGT 
impaired glucose tolerance, and OGTT oral glucose tol-
erance test. (Adapted with permission from Gagnon and 

Baillargeon [131]. © Canadian Medical Association 
(2007). This work is protected by copyright, and the 
making of this copy was with the permission of the 
Canadian Medical Association Journal (www.cmaj.ca) 
and Access Copyright. Any alteration of its content or 
further copying in any form whatsoever is strictly pro-
hibited unless otherwise permitted by law)
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for every six PCOS women screened with only 
an FPG, one would be missed with abnormal glu-
cose tolerance. Thus, it has been recommended to 
screen all women with PCOS using an OGTT [3, 
4, 131, 132]. The new International 2018 PCOS 
guidelines support that screening should be done 
in all women with PCOS and in adolescents with 
additional risk factors at baseline (overweight/
obese or from high- risk ethnicity group) [133]. 
These guidelines also recommend to perform an 
OGTT in those with higher risk at baseline or 
when a diagnosis of IGT would change clinical 
practice, such as lifestyle intervention or metfor-
min use. Optimal testing is unclear in both adult 
and adolescent population and Hba1c, fasting 
glucose, or OGTT can be used depending of the 
clinical context, taking into consideration costs 
and convenience. In the past years, many authors 
have also recommended screening for other com-
ponents of the metabolic syndrome in women 
with PCOS.  Accordingly, it was suggested at 
the Rotterdam European Society for Human 
Reproduction and Embryology/American 
Society for Reproductive Medicine (ESHRE/
ASRM) meeting that all obese PCOS women 
should be screened for the different aspects of 
the metabolic syndrome [4, 132]. Since it was 
demonstrated that even lean women with PCOS 
have an increased risk of metabolic syndrome, it 
may be appropriate to extend the screening for 
metabolic syndrome to every woman presenting 
with PCOS.

Early screening for abnormal glucose tolerance 
and the metabolic syndrome could prompt early 
initiation of lifestyle and/or insulin- sensitizing 
therapy in order to improve both PCOS and asso-
ciated metabolic disorders and to prevent long-
term complications. It could also guide clinicians 
to avoid treatments that may lead to an aggrava-
tion of the metabolic syndrome, such as the use 
of oral contraceptives when contraception is not 
required (see below). If the results are normal, 
screening again at 2- to 5-year intervals is prob-
ably indicated, or more often for those at higher 
cardiovascular risk, since normal results do not 
preclude the future appearance of metabolic syn-
drome [3, 4, 133].

It seems interesting to screen for PCOS in 
women presenting with the diagnostic criteria 

of the metabolic syndrome mainly in premeno-
pausal women when PCOS symptoms are still 
present and might necessitate management. In 
peri- or postmenopausal women, when PCOS 
symptoms are usually vanishing, the finding of 
previous clinical PCOS might indicate a more 
profound insulin resistance that could necessitate 
a more aggressive approach to cardiovascular 
risk factors. However, the effectiveness of such 
screening has not been proven.

 Treatment

In the context of increased metabolic risk and 
possible cardiovascular risk associated with 
PCOS, the mainstay of treatment should rely on 
prevention and treatment of metabolic and car-
diovascular risk factors, in conjunction with the 
aim of controlling symptoms.

The basis of treatment for both metabolic 
syndrome and PCOS relies on lifestyle modifica-
tion. Weight loss in obese or overweight women, 
 exercise, as well as diet modification and avoid-
ance of toxic substances (cigarette, alcohol, 
drugs) have direct effects on the risk for T2D 
and cardiovascular disease [134–137]. Moderate 
weight loss of 5% to 10% of total body weight 
should be encouraged because it is realistic and 
induces a significant decrease in visceral adipose 
tissue, with important benefits on insulin resis-
tance and β(beta)-cell function [135].

When lifestyle intervention fails to normalize 
PCOS symptoms or cardiovascular risk factors, or 
if symptomatic complaints require rapid interven-
tion, pharmacologic treatment needs to be con-
sidered. The typical treatment of PCOS has been 
oral contraceptives (OCs) when fertility is not an 
issue. Indeed, OCs efficiently treat PCOS symp-
toms, including menstrual irregularities, acne, 
and hirsutism, while assuring a reliable revers-
ible contraceptive method [138]. However, long-
term metabolic complications of the syndrome are 
receiving growing attention. Since OCs appear 
to decrease insulin sensitivity and glucose toler-
ance in the short term [139–141], OCs might not 
be the optimal treatment for obese and overweight 
PCOS women. Moreover, evidence for potentially 
increased cardiovascular risks in women using OCs 
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is growing [142, 143]. Effectively, a large 15-year 
cohort study of >one million women from the 
general population found a doubling in the relative 
risks of myocardial infarction (RR = 1.3–2.3) and 
ischemic stroke (RR = 1.4–2.2) with current use 
of low- dose OCs (30–40 mcg ethinyl estradiol) in 
comparison to nonuse of OCs [142]. However, this 
finding is not specific to women with PCOS, who 
have higher risk factors of cardiovascular disease 
at baseline.

Much attention has been given to the use of 
insulin sensitizers in PCOS, mainly the bigu-
anide metformin. In addition to treating oligo- 
anovulation, fertility, menstrual irregularities, and 
hyperandrogenemia in a majority of women with 
PCOS, insulin sensitizers also improve glucose 
tolerance and other cardiovascular risk factors, 
such as triglycerides and LDL-C levels, blood 
pressure, and endothelial dysfunction [144–147]. 
Indeed, metformin has been shown to reduce car-
diovascular events in obese individuals with T2D 
[148]. It is, however, important to note that met-
formin takes time to achieve all of its effects—at 
least 6 months for menstrual regularity [34, 149] 
and up to 1 year for hirsutism [150]. Thus, even 
though insulin sensitizers are not considered as 
first-line therapy in every woman with PCOS, 
they should be strongly considered when signifi-
cant risk factors for diabetes or cardiovascular 
disease are present. Accordingly, most guidelines 
recommend using metformin in all PCOS women 
with IGT or T2D [3, 128]. In PCOS women with 
normal glucose tolerance, a simple way to assess 
their cardiometabolic risk is to determine the con-
comitant presence of the metabolic syndrome, as 
defined by NCEP-ATPIII or IDF guidelines [53, 
54], for example.

The effects of insulin sensitizers and OCs as 
monotherapy for the management of PCOS are 
summarized in Table  16.2. Insulin-sensitizing 
drugs could be used alone, as a metabolically 
favorable alternative to OCs when contracep-
tion is not required, or in combination with OCs 
when contraception is desired. They could also 
be considered as adjunct therapy in women pre-
senting metabolic complication following the 
use of OCs. As mentioned, it is recommended 
that women with PCOS and abnormal glucose 

tolerance use metformin in order to reduce their 
risk of cardiometabolic complications [3, 128]. 
Although few studies directly assessing combi-
nation of insulin-sensitizing drugs and OCs have 
been published, the beneficial effects of these 
agents seem complementary, with insulin sen-
sitizers appearing to counteract the deleterious 
effects of OCs [5, 147].

Finally, if dyslipidemia and hypertension are 
refractory to lifestyle and/or insulin-sensitizing 
management, adequate antihypertensive and 
hypolipemic drugs should be introduced follow-
ing established recommendations [3].

 Summary

PCOS and metabolic syndrome present many 
common features, and the implication of insu-
lin resistance in the pathogenesis of both syn-
dromes partly explains the overlap. Since, in 
most cases, insulin resistance and compensatory 
hyperinsulinemia is required for the appearance 
of PCOS, the majority of PCOS women are also 
at increased risk for development of the meta-
bolic syndrome. Indeed, PCOS and the metabolic 
syndrome may be two alternate clinical presen-
tations of the same underlying pathophysiology, 

Table 16.2 Effects of insulin sensitizers and oral contra-
ceptives on different aspects of polycystic ovary 
syndrome

Insulin 
sensitizers

Oral 
contraceptives

Infertility ++
Menstrual irregularity ++ +++
Hirsutism +/++ ++
Acne + ++
Insulin resistance and 
features of the metabolic 
syndrome

+++ –

Glucose tolerance or 
control

+++ –

Prevention of type 2 
DM or cardiovascular 
diseases

++ –

Prevention of 
endometrial cancer

+/++ ++

+++ very important effect, ++ important effect, + modest 
effect, − no positive effect, DM diabetes mellitus

A.-M. Carreau et al.
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related to insulin resistance and/or lipotoxicity. 
Accordingly, PCOS should be considered as a 
female expression of the insulin resistance syn-
drome and a risk factor for metabolic and cardio-
vascular complications.

Since PCOS women are at increased risk of 
developing cardiovascular disease and T2D, life-
style modifications should be promptly instituted 
and promoted for life. When lifestyle measures 
fail or clinical symptoms dictate rapid interven-
tion, concomitant use of insulin sensitizers should 
be considered and might be preferred to OCs 
when contraception is not required, especially in 
the presence of abnormal glucose tolerance.
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Is Insulin Resistance a Treatment 
Target?

Thomas Reinehr

 Introduction

As in adulthood, obesity in childhood contrib-
utes to an increased prevalence of cardiovascular 
risk factors, such as hypertension, hypertriglyc-
eridemia, low high-density lipoprotein (HDL) 
cholesterol, and impaired glucose metabolism 
[1–5] (see Table 17.1). The clustering of these 
risk factors is summarized in the definition of 
metabolic syndrome (MetS), which is associ-
ated with atherosclerosis and cardiovascular 
diseases leading to increased morbidity and 
mortality [6–12].

Insulin resistance is regarded as the key mech-
anism in MetS linking obesity to cardiovascular 
risk factors [6, 13] and type 2 diabetes melli-
tus (T2D), in both adults and children [14–16]. 
Confirmatory factor analysis of adult data sug-
gests one pathophysiological mechanism under-
lying all cardiovascular risk factors summarized 
in the definition of MetS is insulin resistance [17, 
18]. Other diseases linked to insulin resistance 
are polycystic ovarian syndrome (PCOS) [19] 
and nonalcoholic fatty liver disease (NAFLD), 
which are also associated with MetS [20].

Recently, based on this observation, pedia-
tricians have increasingly been treating insulin 
resistance using lifestyle interventions and drugs, 
such as metformin [21]. Indeed, some studies 
in adolescents demonstrated a positive effect of 
metformin on insulin resistance and associated 
cardiovascular risk factors [22, 23]. However, 
other randomized controlled trials have reported 
no effect [24, 25]. Therefore, before basing treat-
ment recommendations on the concept of insulin 
resistance itself, some shortcomings of its defini-
tions and its measurement in children and ado-
lescents have to be kept in mind, which will be 
discussed in the following.

 Definition of Insulin Resistance

Insulin resistance is defined as the decreased 
tissue response to insulin-mediated cellular 
actions. Therefore, insulin resistance means an 
impairment of insulin action leading to reduced 
whole- body glucose uptake in response to physi-
ological insulin levels [14]. This is manifested by 
decreased insulin-stimulated glucose uptake in 
skeletal muscle and adipose tissue and impaired 
suppression of hepatic glucose output through 
glycogenolysis. Insulin resistance results in 
compensatory increase in insulin secretion. The 
resulting hyperinsulinemia overcomes the insu-
lin resistance for a while and keeps blood glu-
cose in the normal range. However, when relative 
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β(beta)-cell insufficiency (i.e., insulin secretion 
insufficient for the level of hyperglycemia) also 
sets in, overt diabetes develops. Furthermore, 
insulin resistance is associated with deteriora-
tion in fat metabolism [26, 27].

 Underlying Mechanism of Insulin 
Resistance

The mechanisms of insulin resistance involve 
defects in insulin signaling, skeletal muscle and 
adipose triglyceride and fatty acid metabolism, 
glucose uptake, and glucose metabolism, among 
others. Adipose tissue cytokines, such as adipo-
nectin and leptin, and other obesity genes may 
be involved too [28]. In humans, euglycemic 
hyperinsulinemic clamp studies have shown that 
insulin resistance is determined primarily by the 
response of skeletal muscle, with more than 75% 
of infused glucose taken up by muscle and only 
2–3% by adipose tissue [29]. Independent of the 
relation between total body fat and insulin resis-
tance, increased abdominal visceral adipose tis-
sue in obese youth is associated with lower insulin 
sensitivity and higher acute insulin response [30].

 Clinical Picture of Insulin Resistance

Insulin resistance is frequently associated with 
the presence of acanthosis nigricans, as well as 
the occurrence of cardiovascular risk factors sum-

marized in the definition of MetS.  Acanthosis 
nigricans is a condition of the skin presenting as 
pigmentation along with verrucous hypertrophy 
[31]. A typical clinical presentation of insulin 
resistance is mild hypertriglyceridemia combined 
with low HDL cholesterol levels and increased 
blood pressure [26, 32]. However, these clinical 
features cannot define or quantify insulin resis-
tance [14].

 Measurement of Insulin Resistance

There is an ongoing discussion about how insu-
lin resistance in childhood is best assessed. 
Standards for measurements of insulin resis-
tance in children have not been established so far 
[14]. This is due, in part, to the use of a variety of 
techniques to measure insulin sensitivity, lack of 
sufficient cohort sizes to establish normative dis-
tributions for insulin sensitivity, and lack of ade-
quate longitudinal studies to relate definitions of 
insulin resistance to long-term outcomes.

The euglycemic hyperinsulinemic clamp is 
the “gold standard” for measuring insulin sensi-
tivity [14]. The frequently sampled intravenous 
glucose tolerance test (FSIVGTT) and steady- 
state plasma glucose (SSPG) methods are also 
valid measurements [14]. However, each of these 
methods is time consuming and costly, requires 
IV infusions and frequent blood sampling in a 
research setting, and is burdensome for partici-
pants. Therefore, these techniques are useful for 
research but not for clinical practice.

Table 17.1 Prevalence of cardiovascular risk factors in 26,008 non-Hispanic white children

Normal weight 
(BMI > 10th–<90th 
percentile)

Overweight (BMI 
90th–< 97th 
percentile)

Obese (BMI 
97th–< 99.5th 
percentile)

Extreme obese 
(BMI ≥ 99.5th 
percentile)

Hypertension 5% 7% 12% 26%
HDL cholesterol <0.91 mmol/l 2% 4% 10% 15%
Triglycerides >1.7 mmol/l 8% 10% 14% 16%
Impaired fasting glucose 1% 1% 1% 4%
Impaired glucose tolerance 0% 5% 6% 8%
Type 2 diabetes mellitus 0% 0.1% 0.2% 0.4%
Clustering of cardiovascular risk 
factors

0% 5% 10% 15%

Adapted from [1]
BMI body mass index, HDL high-density lipoprotein
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Clinicians prefer simple tools, such as fast-
ing glucose. However, fasting glucose showed 
only a weak correlation to continuously mea-
sured blood glucose and insulin resistance [33]. 
Impaired glucose tolerance (IGT) demonstrated 
a better association with continuously mea-
sured blood glucose and insulin resistance [33]. 
However, the reproducibility of pathological 
glucose levels in oral glucose tolerance tests 
is low, therefore limiting its value on an indi-
vidual level [32, 34, 35]. It has been suggested 
that hemoglobin A1c (HbA1c) may be a better 
parameter to describe insulin resistance, since it 
demonstrates the best correlation to continuous 
glucose measurements [33]. However, there are 
no studies in childhood proving the relationship 
between insulin resistance and HbA1c. Likely, 
all parameters—such as fasting glucose, glu-
cose in oral glucose tolerance tests, and HbA1c 
levels—that depend on the measurement of glu-
cose without linking to simultaneous insulin 
concentrations will fail to describe insulin resis-
tance since there is a narrow range of fasting 
glucose even among obese children with insulin 
resistance due to compensatory increased insu-
lin secretion that maintains euglycemia until 
β(beta)-cell decompensation occurs [21]. Thus, 
glucose-based measures are more reflective of 
β(beta)-cell function.

Fasting insulin levels are also not a reli-
able tool for individual assessment of insulin 
resistance [14, 36]. The accuracy of fasting 
insulin as a measure of insulin sensitivity has 
been compared through correlation analyses 
with the euglycemic hyperinsulinemic clamp, 
FSIVGTT, and SSPG and found to be disap-
pointingly poor [37–39]. The value of fasting 
insulin is limited by great intra- and interin-
dividual variability [36]. Insulin secretion is 
pulsatile and normal values change physi-
ologically based on pubertal stage [40], mak-
ing them difficult to interpret in adolescents. 
Furthermore, the insulin assay itself can be a 
source of error; testing of aliquots of a com-
mon sample assayed in different laboratories 

has shown disparate results [41]. Sample pro-
cessing can also introduce error, as insulin lev-
els decrease rapidly if the sample is not frozen 
[36]. In conclusion, fasting insulin is an unreli-
able clinical measure of insulin resistance in 
an individual child and should not be used for 
decision making in daily practice [14].

The homeostasis model assessment (HOMA)
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and the quantitative insulin-sensitivity check 
index (QUICKI)
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are alternative diagnostic tests for insulin resis-
tance that need only a simultaneous fasting 
determination of glucose and insulin [42, 43]. 
Both indices use a mathematical formula that 
adjusts for individual variability in insulin and 
glucose secretion and clearance. Although the 
goal of these methods was to improve the accu-
racy of fasting insulin as a measure of insulin 
resistance by the addition of fasting glucose, it 
is now agreed that they yield similar results to 
fasting insulin alone. For instance, HOMA, the 
most widely used of the surrogate measures in 
children, is highly correlated with fasting insu-
lin (r  =  0.95) in children [37]. These high cor-
relations can be attributed to the narrow range 
of fasting glucose, even among insulin-resistant 
children [21, 37]. In contrast, there is a 53-fold 
variation in fasting insulin in children with and 
without insulin resistance [37]. Therefore, on an 
individual level HOMA and QUICKI have the 
same problems of reliability as described above 
for fasting insulin levels.

A further less-intensive method, the mea-
surement of insulin during the oral glucose tol-
erance test (OGTT), offers the advantage of a 
smaller number of blood samples. Based on these 
measurements, indices such as ISI Cederholm
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are calculated [44]. Good correlations were 
reported in adult studies comparing OGTT-based 
indices with the euglycemic hyperinsulinemic 
clamp [45]. However, the correlation in children 
is less clear. First reports in a small group of obese 
children reported only moderate correlations [46]. 
Finally, this index, as well as other indices such 
as HOMA, cannot distinguish between peripheral 
and hepatic insulin resistance [36].

Using the calculation of HOMA and QUICKI 
as models, a formula using fat metabolism has 
been suggested to describe insulin resistance [26, 
27]. Instead of glucose, free fatty acids (FFAs) 
were used for the mathematical calculation of 
insulin resistance. While these calculations cor-
related well with cardiovascular risk factors 
[26, 27], the same problems seen for HOMA 
and QUICKI were also true for these calcula-
tions, since the great majority of variability is 
accounted for by the insulin levels, while the FFA 
levels differ to a lesser degree between insulin-
resistant and nonresistant humans.

In summary, an accurate assessment of insu-
lin resistance requires an invasive and impracti-
cal test (e.g., the hyperinsulinemic euglycemic 
clamp technique). The Insulin Resistance in 
Children Consensus Conference Group stated 
that there is no justification for screening chil-
dren for insulin resistance by HOMA, QUICKI, 
fasting insulin, or other indices [14]. However, 
having a uniform internationally accepted defi-
nition of insulin resistance that can be measured 
under clinical conditions would be very helpful 
for the description of populations in different 
research studies.

 Influence Factors on Insulin 
Resistance

The two most important biological conditions 
associated with insulin resistance in childhood 
besides obesity are ethnicity and puberty [14]. 
In studies of adult twins, approximately half of 

the variance in insulin sensitivity and secretion 
can be attributed to genetic factors [47]. Healthy 
children with a family history of type 2 diabe-
tes mellitus are more insulin resistant, with an 
impaired balance between insulin sensitivity 
and secretion [48]. Using a variety of methods, 
studies show that non-Hispanic black, Hispanic, 
Pima Indian, and Asian children are less insulin 
sensitive than non-Hispanic white children [49, 
50]. The insulin resistance in minority ethnic 
groups is manifested as lower insulin-stimulated 
glucose uptake, concomitant with hyperinsu-
linemia, evidence of increased insulin secre-
tion from the β(beta)-cell and decreased insulin 
clearance [49, 50].

Pubertal stage has been identified as an 
additional major influence factor on insulin 
resistance. Puberty onset is characterized by a 
physiological ~30% reduction of insulin sensi-
tivity that is reversed when puberty is complete 
[51–54]. Furthermore, impaired glucose toler-
ance and impaired fasting glucose are also more 
frequent in pubertal obese adolescents com-
pared to prepubertal children [55] and normal-
ize at the end of puberty [56]. In a longitudinal 
study in 253 overweight Hispanic youths, insu-
lin resistance increased in both sexes in early 
puberty with a recovery in late puberty [57]. In 
non- Hispanic white children, the same changes 
of insulin resistance during puberty have been 
reported [58]. Pinhas-Hamiel and colleagues 
reported an increase of insulin levels during 
puberty [59]. A rise of insulin resistance has been 
reported already before puberty when adrenarche 
starts [60, 61]. Moreover, it has been reported 
that insulin resistance increases during puberty 
in obese children more than in normal-weight 
children [62–64]. Furthermore, it is well-known 
that glucose metabolism frequently deteriorates 
during puberty in children suffering from type 
1 diabetes mellitus and improves at the end of 
puberty [65].

The reasons for changes of insulin resistance 
during puberty are not yet well-understood. The 
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increase in growth hormone, sex hormone, and 
insulin-like growth factor-1 (IGF-1) that occurs 
during puberty is thought to be the cause of this 
form of insulin resistance [66]. Furthermore, 
puberty has an effect on the fat oxidation rates 
during exercise in both overweight and normal- 
weight girls resulting in increased insulin resis-
tance [67]. A temporal relationship between 
insulin resistance and the pubertal decrease in 
physical activity in peripubertal Hispanic and 
non-Hispanic black females has been reported 
[68]. Furthermore, concentrations of sex hor-
mones, adipocytokines, and inflammatory 
cytokines change dramatically during pubertal 
development, making an influence on insulin 
resistance probable [69, 70]: Adiponectin con-
centrations had been negatively correlated to 
many cardiovascular risk factors and decrease 
with onset of puberty in males [71]. An associa-
tion between insulin resistance and leptin has 
also been reported [72]. Sex hormone binding 
globulin levels also predict insulin resistance 
and cardiovascular risk factors during puberty 
[73]. However, the observed relationships 
between various adipocytokines and insulin 
resistance during puberty were weak in longi-
tudinal studies, suggesting additional important 
influences [69].

Interestingly, puberty is also influenced by 
insulin resistance. In mouse models, an interac-
tion between insulin and leptin signaling was 
reported during the peripubertal period in the 
neurons responsible for pubertal development 
[74]. Furthermore, a study in obese children 
reported advanced onset of puberty after met-
formin therapy—a drug that decreases insulin 
resistance [75]. Therefore, there seems to be a 
bidirectional interaction between insulin resis-
tance and puberty.

The compensatory increase in insulin secre-
tion during puberty may be blunted in non- 
Hispanic and Hispanic youths, thus increasing 
their risk for T2D around the time of puberty [21, 
76–78]. This points toward genetic factors modu-
lating both insulin resistance and insulin secre-
tion [78, 79].

Furthermore, other factors influencing insu-
lin resistance have been identified in children. 

Hormones secreted by the muscle, such as iri-
sin, are also related to insulin resistance [80]. 
A chronic inflammatory process is also likely 
involved in the relationship between obesity and 
insulin resistance, since inflammation increases 
insulin resistance through different pathways 
[81]. A disturbed secretion of adipocytokines 
and inflammatory markers could be observed 
especially in mesenteric fat [72, 81]. Therefore, 
it is not surprising that some studies in children 
and adolescents reported a stronger correlation 
between waist circumference and insulin resis-
tance than the correlation between body mass 
index (BMI) and insulin resistance [82–85].

 Normal Values for Insulin 
Resistance

There are currently no internationally accepted 
normal values for insulin concentrations in chil-
dren analyzed by age, sex, pubertal stage, and 
genetic background available. This lack of nor-
mal values makes it difficult even for research 
measurements using rigorous approaches—such 
as euglycemic hyperinsulinemic clamp, the fre-
quently sampled IV glucose tolerance test, and 
steady-state plasma glucose—to define at which 
exact cut point insulin resistance starts. Normal 
values for HOMA have been reported [40], but 
the proposed cutoffs are not adjusted for puber-
tal stage. Normal values for insulin adapted to 
pubertal stage have been proposed (for example, 
definition of insulin resistance by fasting insu-
lin: ≥15  mU/l prepubertal, ≥30  mU/l pubertal, 
≥20 mU/l late/postpubertal) [77]. However, stud-
ies validating these proposed cutoffs are missing.

 Insulin Resistance 
as an Independent Cardiovascular 
Risk Factor

Classical cardiovascular risk factors—such as 
hypertension, dyslipidemia, and impaired glu-
cose tolerance—are related to morbidity and 
mortality of obesity [15, 86]. Even though they 
are all based at least in part on insulin resistance, 
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the use of insulin resistance itself as a treatment 
goal, rather than management of classical car-
diovascular risk factors, is only meaningful if 
insulin resistance is itself related to morbidity 
and mortality.

An independent effect of insulin resistance 
on cardiovascular risk in children has been sug-
gested. Fasting insulin levels in 6- to 9-year-old 
children predicted their blood pressure at age 
9–15  years [87]; and in 5- to 9-year-old Pima 
Indian children, fasting insulin was associated 
with the level of weight gain during the subse-
quent 9  years of childhood [88]. The Bogalusa 
Heart Study has shown a strong relationship over 
an 8-year period between persistently high fast-
ing insulin levels and the development of cardio-
vascular risk factors in children and young adults 
[89]. In studies of insulin resistance in child-
hood that used the euglycemic insulin clamp, an 
important independent association of both body 
fatness and insulin resistance with increased car-
diovascular risk factors was shown, as well as 
an interaction between body fatness and insulin 
resistance, so that the presence of both was asso-
ciated with a level of cardiovascular risk greater 
than that expected with either fatness or insulin 
resistance alone [90]. However, none of these 
studies prove that insulin resistance itself, and 
not the associated classical cardiovascular risk 
factors, is related to morbidity and mortality.

Indeed, the role of insulin in the development 
of cardiovascular morbidity remains controver-
sial. Several lines of evidence suggest insulin 
may directly promote cardiovascular pathology. 
Insulin stimulates mitogen-activated protein 
kinase, mitogenesis, and plasminogen activator 
inhibitor-1 within vascular smooth muscle cells 
[91] and stimulates endothelin-1 production, with 
subsequent vascular smooth muscle growth [92]. 
Insulin stimulates ras-p21  in vascular smooth 
muscle, which promotes increased effects of 
other growth factors, such as platelet-derived 
growth factor [93]. The vascular endothelial cell 
insulin receptor knockout mouse has lower blood 
pressure and endothelin-1 levels than its wild- 
type counterpart [94].

Conversely, other lines of evidence suggest 
that insulin may be antiatherogenic: Insulin 

inhibits the inflammatory transcription factor 
nuclear factor-κ(kappa)B [95] and decreases 
tumor necrosis factor-α(alpha) [96]. As with 
other hormone-receptor interactions, the duration 
and amplitude of insulin effects may play a role, 
because chronic hyperstimulation by excessive 
ligand may lead to alternative cellular responses 
(e.g., cortisol) or tachyphylaxis (e.g., opioids), 
which would alter hormone action.

Furthermore, not all patients with insulin resis-
tance develop MetS [97]. Therefore, in addition to 
obesity, other metabolic and pathological factors 
(inflammatory factors, adipocytokines, cortisol, 
oxidative stress, vascular factors, heredity, and 
lifestyle factors) are operative in this process [17].

 Studies Treating Insulin Resistance

There are several studies in childhood demon-
strating an improvement of insulin resistance by 
lifestyle intervention, weight loss, and increased 
physical activity [98–100]. However, all these 
studies are based on indices, such as HOMA, 
and not on the gold standard euglycemic hyper-
insulinemic clamp or other rigorous measures of 
insulin sensitivity.

Some studies demonstrated a positive effect 
of metformin on insulin resistance and the asso-
ciated cardiovascular risk factors [14, 22, 23]. 
However, other randomized controlled trails 
reported no effect [24, 25]. This may be explained 
by the fact that children in the untreated control 
group move from mid- to late puberty as the age 
ranges of these studies suggest. This change of 
pubertal status is associated with an improvement 
of cardiovascular risk factors (see above) [101].

 Arguments for Using Insulin 
Resistance as Treatment Goal

There are some important arguments for using 
insulin resistance as a treatment goal (see 
Fig.  17.1). First, all cardiovascular risk factors 
determining morbidity and mortality in obesity 
are related to insulin resistance; it is clear that 
insulin-resistant obese children have significantly 

T. Reinehr



283

greater cardiovascular risk profiles, including the 
metabolic syndrome [17, 90]. Initial observations 
suggest a relationship between insulin resistance 
and arterial stiffness in youth [102, 103]. A role 
for insulin resistance in the early abnormalities 
of vascular smooth muscle is proposed based on 
the observation that circulating biomarkers of 
endothelial dysfunction (intercellular adhesion 
molecule and E-selectin) are highest, whereas 
the antiatherogenic adipocytokine adiponectin is 
lowest among the most insulin-resistant youths 
[104]. Furthermore, insulin resistance is a risk 
factor for prediabetes and type 2 diabetes in 
adults [14].

Improving insulin resistance leads to nor-
malization of all cardiovascular risk factors [98, 
105] and diabetes risk. Weight loss and increased 
physical activity improve insulin resistance [6, 
105–116]. These changes in insulin resistance 

paralleled the changes in cardiovascular risk 
factors during puberty [63, 101, 117] in both 
non- Hispanic whites [101] and Afro-Caribbean 
girls [118].

 Arguments Against Using Insulin 
Resistance as Treatment Goal

Even if the concept of insulin resistance and 
its association with cardiovascular risk factors 
is convincing, there are several shortcomings 
in the definition and measurement of insulin 
resistance that make it impossible to use insulin 
resistance as treatment goal in the clinical set-
ting (see Fig. 17.1). Furthermore, there is a lack 
of evidence in childhood that insulin resistance 
has a higher cardiovascular risk than the sum of 
the classical cardiovascular risk factors, such as 

Fig. 17.1 Arguments pro and contra the insulin resis-
tance as treatment target in childhood. Abbreviations: IGT 
impaired glucose tolerance, T2D type 2 diabetes, HOMA 

homeostasis model assessment, cIMT carotid intima- 
media thickness, BMI body mass index
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hypertension, dyslipidemia, and impaired glu-
cose tolerance. Additionally, the degree of insulin 
resistance is not stable in adolescents and there 
are no approved drugs for this indication avail-
able for children.

 Problem of Measurements

Today there is no availability of an accurate, reli-
able, reproducible, and easily applicable method 
of measurement of insulin resistance [14]. It is 
impractical to use any methods requiring mul-
tiple samples because of the complexity, time, 
and cost of testing. Fasting insulin as an index 
of insulin resistance or insulin resistance indices 
such as HOMA or Matsuda may be applicable in 
epidemiological studies using large populations 
of children and/or a well-defined cohort, but not 
on the individual level [14].

 Problem of Cutoffs

Even if a uniformly reliable insulin assay became 
available, separate standards would need to be 
developed by sex, ethnic group, and pubertal 
stage [14, 101]. Without such specific cutoffs, 
treatment goals based on insulin resistance can-
not be determined. However, the use of cutoff 
points for insulin resistance in the absence of 
longitudinal outcome studies represents a major 
concern, since this implies that values above the 
specified thresholds are associated with excess 
risk—although the rationale for the different 
cutoff points has never been delineated in chil-
dren and adolescents [12]. Moreover, the artifi-
cial dichotomization of continuous variables, 
such as insulin resistance, seems debatable since 
dichotomization leads to an unnecessary loss of 
information [119]. In fact, insulin resistance is 
not even linear, which opens up the issue of how 
risk might be weighted more appropriately.

Indeed, the use of rigid cutoff points, such as in 
the definition of MetS for cardiovascular risk fac-
tors and insulin resistance, reduces its prognostic 
value in both adults and children. Mente and col-
leagues reported an underestimation of myocar-

dial infarction in adults using the dichotomous 
variable MetS instead of the continuous variables, 
blood pressure or lipids [120]. Fadini et  al., as 
well as Baldassare and colleagues, reported no 
increased risk in MetS compared to the sum of its 
individual components based on carotid intima-
media thickness (cIMT) measurements. CIMT is 
a noninvasive, reliable, and predictive marker for 
early atherosclerotic changes [121, 122]. We have 
recently reported that the sum of the individual 
components of the different MetS definitions was 
superior to predict presence of increased cIMT in 
obese adolescents compared to the all-or-nothing 
variable: occurrence of MetS [123]. Furthermore, 
adding the MetS indicator to the individual com-
ponents added no additional information to pre-
diction of increased cIMT [123, 124].

 Problem of Predictive Value

There are very limited longitudinal data on 
whether insulin resistance in childhood pre-
dicts the development of impaired glucose 
tolerance (IGT) and type 2 diabetes mellitus 
later in life [14]. A recent longitudinal study 
has shown that obese adolescents progressing 
to IGT manifest primary defects in β(beta)-cell 
function that are aggravated by a progressive 
increase in insulin resistance [125]. However, 
another study reported a low predictive value 
of impaired glucose tolerance for later type 2 
diabetes in the next 3–5 years in adolescents. 
Furthermore, the high reversion rate (66% to 
75%) to normal glucose tolerance in youth 
contrasts to a conversion rate of 30% from 
impaired glucose tolerance to type 2 diabetes 
in 5 years in adults [126, 127]. These findings 
may be attributed, at least in part, to the fact 
that many adolescents in the longitudinal stud-
ies move from mid- to late or postpuberty [35, 
56]. Moreover, there also seems to be a genetic 
contribution, since in Sweden impaired fasting 
glucose is more frequent than in mid-European 
countries and conversion to type 2 diabetes 
more frequent [128, 129].

There are no studies that directly measure in vivo 
insulin resistance and its relationship to atheroscle-
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rotic abnormalities in children. Furthermore, stud-
ies reported that insulin resistance measured by 
HOMA was not a better predictor of increased 
cIMT than BMI alone [130]. Accordingly, some 
studies reported that cardiovascular risk factors cor-
related stronger to degree of overweight than insu-
lin resistance [1, 131]. Obese children and adults 
without cardiovascular risk factors have been clas-
sified as metabolic healthy obese [82, 132, 133]. 
A total of 6–40% of obese adults [134, 135] and 
6–36% of obese children [82–85] are metaboli-
cally healthy. However, longitudinal studies have 
demonstrated that even obese children without car-
diovascular risk factors can switch to an unhealthy 
metabolic state without change in their weight sta-
tus [1, 101]. Also in adults, the status of metabolic 
healthy—characterized by the absence of insulin 
resistance and cardiovascular risk factors—is not 
a steady state [136], questioning the whole concept 
of metabolic healthy since there is no evidence for 
decreased mortality [83–85].

While autopsy studies have shown that the 
extent of early atherosclerosis of the aorta and 
coronary arteries is directly associated with lev-
els of lipids, blood pressure, and obesity in child-
hood and adolescence, this evidence is lacking 
for insulin resistance [137, 138]. In conclusion, 
up to now no outcome study in childhood has 
proven an increased mortality or morbidity due 
to insulin resistance [12, 139].

 Problem of Approved Drugs

Even though metformin improves insulin resis-
tance in several studies in children [14, 22, 23], 
no consistent metabolic effect or change in car-
diovascular risk factors has been demonstrated 
and it has to be stressed that metformin has not 
been approved for the treatment of children with 
insulin resistance.

 Summary

The reported prevalences of hypertension, 
dyslipidemia, and disturbed glucose metabo-
lism in obese children and adolescents under-

line the necessity for screening, since most of 
these disorders are asymptomatic but related 
to later cardiovascular disease. Indications 
for treatment, including antihypertensive and 
lipid- or glucose- lowering drugs and bariatric 
surgery, should be based on weighing of the 
cardiovascular risk factors themselves, keep-
ing in mind the pubertal stage, rather than on 
one single variable, such as insulin resistance. 
Since puberty and genetics influence insulin 
resistance, it is questionable to use definitions 
of insulin resistance in adolescents not account-
ing for pubertal stage and ethnic background. 
Furthermore, we do not currently have feasible 
and reliable measurements of insulin resistance 
that can be used in clinical practice; surrogate 
measures, such as fasting insulin, are poor esti-
mates of insulin sensitivity [14]. There is also a 
lack of validated cutoffs to define insulin resis-
tance in children. Because of these limitations, 
there is no justification for treating insulin 
resistance in children, though insulin resistance 
is associated with cardiovascular risk factor, 
MetS, prediabetes, type 2 diabetes, as well as 
polycystic ovarian syndrome and fatty liver 
disease [14]. Therefore, the mere presence of 
these abnormalities should call for interven-
tion to treat the associated obesity by lifestyle 
intervention, surgery, or medications to reduce 
weight or improve insulin sensitivity without a 
need to measure insulin resistance [14].

Future research should aim at the following:

 1. How to best measure insulin sensitivity in 
children and adolescents

 2. Standardization of insulin measurements
 3. Identification of strong surrogate biomarkers 

of insulin resistance
 4. The potential role of both lifestyle interven-

tion and medications in the prevention and 
treatment of insulin resistance

Having a uniform internationally accepted 
definition of insulin resistance for children and 
adolescents adjusted by sex, ethnic background, 
and pubertal stage would be very helpful for the 
description of populations in different studies. 
What is probably needed is not a dichotomous 

17 Is Insulin Resistance a Treatment Target?



286

definition of insulin resistance but a more com-
plex weighted scoring system that takes into 
account the magnitude of all of the risk factors, 
their interaction, and other important patient- 
specific characteristics [17].
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Exercise in Metabolic Syndrome 
and Diabetes: A Central Role 
for Insulin Sensitivity
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and Jane E. B. Reusch

 Introduction

Exercise is considered the cornerstone of 
treatment for metabolic syndrome and type 2 
diabetes mellitus (T2D), yet exercise is demon-
strably more difficult and capacity impaired 
in T2D.  Insulin resistance (IR) at many levels 
appears to be a key factor in diabetes-related 
exercise deficits. Conversely, the benefits of 
exercise in metabolic syndrome and T2D are 
likely related, in large part, to improvements 
in insulin sensitivity. This chapter provides an 
overview of the current understanding of the 
bidirectional relationship between exercise and 
IR and of the benefits of exercise in metabolic 
syndrome, prediabetes, and diabetes.

 Exercise and Mortality

The current literature, including meta-analyses 
covering more than 2.6 million person-years 
of study, provides indisputable support for the 
association of physical activity and physical fit-
ness with lower cardiovascular disease (CVD) 
risk (reviewed in [1, 2]). A 2001 meta-analysis 
of 23 studies representing more than 1.3 million 
person- years of follow-up demonstrated a linear 
decrease in CVD risk with increased physical 
activity [3]. The relationship to objective mea-
sures of physical fitness was more complex, with a 
precipitous decline in CVD risk occurring before 
the 25th fitness percentile (Fig.  18.1). Overall, 
the benefits of fitness were greater than the bene-
fits of physical activity, with the fittest population 
achieving a two-thirds reduction in relative risk 
of CVD compared to the least fit population. A 
2009 meta-analysis of 33 studies included more 
than 100,000 participants (men and women and 
multiple races and ethnicities) and nearly 7000 
deaths [4]. This meta-analysis found a highly sig-
nificant inverse correlation of cardiorespiratory 
fitness (CRF) with all-cause and cardiac mortal-
ity, where each one metabolic equivalent (MET) 
improvement in maximum exercise capacity con-
ferred a 13–15% decrease in mortality. It has also 
been demonstrated that improving CRF later in 
life (from unfit to fit) confers significant mortal-
ity benefits, thus strengthening the arguments for 
a cause-and- effect relationship [5–9].
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Conversely, sedentary behavior has been 
endorsed by the US Centers for Disease Control 
(CDC) as a leading cause of premature mortal-
ity [10]. As little as 2 hours per day of TV view-
ing was found to confer 20%, 15%, and 13% 
increased risks of T2D, cardiovascular disease, 
and all-cause mortality, respectively [11]. A 
burden of disease analysis found that physical 
inactivity accounted for 6% of all cardiovascu-
lar disease, 7% of T2D, and 9% of all premature 
mortality in 2008 [12]. The increased mortality 
associated with sitting time and TV-viewing time 
can be eliminated or attenuated by the addition of 
high levels of daily moderate intensity exercise to 
the largely sedentary day [13].

 Exercise and Mortality  
in Insulin- Resistant States

Other studies have demonstrated that the rela-
tionship between physical activity or CRF and 
CVD or overall mortality also exists in popula-
tions with comorbid conditions, including T2D, 
obesity, prediabetes, and metabolic syndrome [3, 
14–18] independent of race, sex, and methodol-
ogy. For example, a substudy of the Aerobics 
Center Longitudinal Study that focused on 
women with prediabetes or undiagnosed diabetes 
(n  =  3044) demonstrated an inverse correlation 
between CRF and all-cause mortality, with the 
greatest benefit occurring when exercise capac-
ity exceeded 7 METs (very roughly correspond-

ing to a VO2max of 22–23 ml O2/kg/min) [19]. 
The same observation held true for a cohort of 
1263 diabetic men [14] and the mortality benefit 
of CRF was observed even in obese subjects. 
In other studies in people with diabetes, lower 
habitual physical activity was associated with 
increased mortality [17, 20].

It is well accepted that CVD risk and mortal-
ity are increased in individuals with diabetes and/
or the metabolic syndrome relative to those with-
out these conditions and, as described above, that 
physical activity decreases CVD risk and mortal-
ity in both insulin-sensitive and insulin-resistant 
populations. The role of insulin sensitivity in the 
beneficial effects of physical activity on CVD 
risk has been directly addressed in a few studies 
that have adjusted for markers of insulin sensi-
tivity (reviewed in [21]). These studies suggest 
that improvement in insulin sensitivity may be a 
major contributor to the cardiovascular protective 
effects of exercise. For instance, in the Uppsala 
Longitudinal Study of Adult Men (ULSAM), 
adjustment for surrogate markers of insulin sen-
sitivity, including fasting insulin and proinsulin, 
attenuated the risk of CVD mortality associated 
with an inactive lifestyle [22]. This is consistent 
with the findings of Bonora et  al. in a 15-year 
prospective study of 839 new cases of symptom-
atic CVD [23]. In this study, homeostatic model 
assessment of insulin resistance (HOMA-IR) was 
an independent predictor of new CVD events (HR 
2.2, 95%CI, 1.4–3.6, p < 0.001) after adjustment 
for all traditional cardiac risk factors, as well as for 
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the nontraditional risk factors of physical activity, 
body mass index (BMI), triglyceride (TG) level, 
high-sensitivity C-reactive protein (hsCRP), adi-
ponectin, fibrinogen, vascular cell adhesion mol-
ecule 1 (VCAM-1), and oxidized low-density 
lipoprotein (LDL). Thus, it seems likely that IR 
itself (or the underlying cause thereof) increases 
CVD risk and that exercise attenuates this 
increased risk by improving IR.

This central role for IR in mediating negative 
health effects of poor fitness and, conversely, 
insulin sensitization in mediating the beneficial 
effects of exercise is challenged, however, by 
other literature. Some studies suggest that physi-
cal activity may provide full protection from 
the excess CVD risk in insulin-resistant states 
[15, 24]. In other words, the most fit or active 
insulin- resistant individuals may have little or no 
increased CVD risk when compared to similarly 
fit insulin-sensitive individuals. In an analysis of 
leisure time activity and its ability to protect from 
the excess CVD risk associated with insulin- 
resistant states, the Whitehall study found that 
increasing activity had a more pronounced pro-
tective effect in men with diabetes and impaired 
glucose tolerance (IGT) than in normoglycemic 
men (Fig.  18.2) [24], such that the most active 
insulin-resistant group had an age-adjusted 
CVD mortality rate similar to that of the most 

active normoglycemic men. Furthermore, in 
the Aerobics Center Longitudinal Study, the 
increases in CVD and all-cause mortality asso-
ciated with the metabolic syndrome and with 
obesity were eliminated or attenuated to less 
than statistical significance when mortality was 
adjusted for cardiorespiratory fitness, suggest-
ing that the observed mortality effects of these 
conditions are largely explained by lower cardio-
vascular fitness in these groups [16]. However, 
neither of these studies clearly demonstrated that 
improving CRF in individuals with IR improved 
CVD risk and mortality independent of improve-
ments in insulin sensitivity. Thus, physical activ-
ity and/or cardiorespiratory fitness may have a 
particularly potent effect on mortality in insulin- 
resistant individuals—those with the highest 
baseline mortality rates (reviewed in [2])—but 
this effect could be a result of improved insu-
lin sensitivity concomitant with CRF improve-
ment. Still, two other recent lines of evidence 
may further challenge the hypothesis that IR is 
a direct contributor to increased CVD and mor-
tality risk. Adiponectin, a presumed beneficial 
anti- inflammatory adipokine and marker of insu-
lin sensitivity, has been shown in many studies 
to be positively correlated with cardiometabolic 
risk and mortality (reviewed in [25]). In addition, 
Kim et  al. used National Health and Nutrition 
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Examination Survey (NHANES) data to demon-
strate that HOMA-IR (an admittedly imperfect 
measure of IR) was associated with higher mor-
tality in the lean population but, paradoxically, 
with lower mortality in the obese segment of the 
population [26].

The evidence linking exercise, physical fitness, 
and sedentary behavior to mortality is admittedly 
epidemiological, observational, cohort data and 
not the preferred randomized controlled trial 
data. While this kind of evidence can be affected 
by selection bias and confounding variables, the 
consistency of the observations supports a cause-
and-effect relationship between physical activ-
ity and decreased mortality that is biologically 
plausible based on the impact of physical activity 
on lipids, blood pressure, endothelial function, 
carbohydrate tolerance, diabetes, and possibly 
inflammation and fibrinolysis (discussed later). 
Whether improved insulin sensitivity is an inde-
pendent contributor to lower mortality with 
improved CRF remains an open question.

 Specific Benefits of Exercise 
in Insulin-Resistant States

 Prevention of Diabetes

There is strong evidence for a role of exercise in 
the prevention of diabetes. Early epidemiological 
and sociological evidence demonstrated a strong 
inverse correlation between habitual physical 
activity and incidence of diabetes. This evidence 
included the change in incidence of diabetes 
with the move away from a rural lifestyle that 
was observed in American versus Mexican Pima 
Indians [27]. This epidemiological relationship 
between physical inactivity and diabetes risk has 
been observed across diverse populations, includ-
ing male and female college alumni, registered 
nurses, and British men (reviewed in [28]). These 
observations were followed by a set of large pro-
spective studies: the Finnish Diabetes Prevention 
Study [29], Da Qing Study [30], and the Diabetes 
Prevention Program [31]. In all of these studies, 
a diet and exercise intervention prevented transi-
tion from impaired glucose tolerance to diabetes 

in 50–60% of individuals. Importantly, only the 
Da Qing Study included an exercise-alone arm. 
The preventative effect of exercise in this arm was 
similar to that observed with diet alone and was 
independent of weight loss, though body com-
position was not addressed. The beneficial effect 
of achieving the exercise goal on prevention of 
diabetes in the Diabetes Prevention Project was 
also evident even among those participants who 
did not lose weight [32]. The reasons for exer-
cise being so successful in preventing diabetes 
are not completely known but likely include mul-
tiple factors (discussed further below) including: 
improved insulin sensitivity through decreased 
visceral adiposity even in the absence of weight 
loss, enhanced fatty acid utilization, increased 
mitochondrial function and/or content, improved 
vascular and microvascular function, and modula-
tion of inflammation and oxidative stress [2, 21].

 Improved Glycemic Control 
in Diabetes

Physical activity/exercise is recognized as a 
cornerstone of the treatment of patients with 
T2D. More than 80 years ago, Allen and others 
reported that a single bout of exercise lowered 
the blood glucose concentration of persons with 
diabetes and improved glucose tolerance tem-
porarily [33]. Since that observation, numerous 
studies and reviews have confirmed the beneficial 
effects of various forms of exercise or decreased 
or interrupted sedentary time on glycemic con-
trol for patients with T2D [34–44] and those at 
risk for diabetes [29–31, 43, 45]. However, some 
studies have suggested that long-duration, high-
intensity, and/or combined exercise programs 
may be required to achieve significant improve-
ments in chronic glycemic control, as measured 
by HbA1c [41, 46]. These salutary effects on 
blood sugar involve both acute (bout) and long-
term (training) effects discussed further below, 
including improvements in insulin sensitivity, 
inflammatory state, oxidant load, and mitochon-
drial function, as well as improvements in mul-
tiple aspects of vascular function and changes in 
body composition.
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 Effects of Exercise on Glucose 
Metabolism

Glucose metabolism in response to exercise has 
been extensively studied, as it poses an impor-
tant clinical challenge. Multiple studies have 
now demonstrated improved insulin sensitivity 
or lowered insulin levels with an exercise inter-
vention [40, 41, 45, 47, 48]. Exercise has two dif-
ferent impacts on carbohydrate metabolism: the 
bout effect and the training effect. The bout effect 
refers to the direct impact of a single episode of 
exercise on glucose disposal during the exercise 
and for an interval of up to 72  hours after the 
exercise is complete. In contrast, exercise train-
ing is typically considered routine physical activ-
ity that increases functional exercise capacity, 
for which the gold standard is maximal exercise 
capacity reflected by maximal oxygen consump-
tion (VO2max). In contrast to a single bout of 
exercise, exercise training usually also affects 
body composition, especially lean body mass, 
and metabolic flexibility [49]. The overall ben-
efits of regular exercise on IR likely result from a 
combination of bout and training effects.

 Bout Effects

It is well established that even a single bout of 
exercise has a pronounced effect on metabolism, 
including in persons with IR with or without T2D, 
although there is some variability in the impact of 
acute exercise on immediate glucose control due 
to variable activation of the sympathetic nervous 
system. The impact and duration of effects of an 
exercise bout on glucose uptake are dependent 
upon intensity, duration, and type (aerobic/resis-
tance) of exercise, as well as on postexercise diet, 
possibly depending on the rate at which glycogen 
stores are repleted (reviewed in [41, 50, 51]). In 
general, much of the metabolic benefit of exercise 
on insulin action may be due to the most recent 
bout(s) of exercise [52–54]. Studies in rodents 
and humans have shown that exercise-induced 
insulin-independent glucose uptake occurs only 
during and shortly after exercise, but improved 
insulin-stimulated glucose uptake (ISGU) per-

sists for 24–48  hours after an acute bout [54]. 
Therefore, repeated exercise, probably daily or 
at least every other day, is needed for long-term, 
bout effect benefits on glucose metabolism. The 
increase in ISGU occurs at the level of both liver 
and muscle tissue [55], including in individuals 
with T2D [56] where it results in improved glu-
cose tolerance [34]. However, studies have shown 
that while ISGU improves with an exercise bout 
in individuals with IR, it remains less robust than 
postexercise ISGU in healthy controls [54].

The increase in muscle glucose utilization is a 
combination of insulin-independent and insulin- 
dependent effects. The immediate response to 
acute exercise is a muscle-contraction-induced, 
insulin-independent translocation of the glu-
cose transporter, Glut4, to the cell surface. This 
appears to be mediated by two contraction- related 
signaling events: (1) release of calcium from the 
sarcoplasmic reticulum leading to activation of 
calcium/calmodulin-dependent protein kinase 
(CaMK) II and (2) activation of AMP- activated 
protein kinase (AMPK) due to the increase in 
the AMP:ATP ratio that occurs with continued 
muscle contraction (reviewed in [51]). Use of 
inhibitors to block either of these pathways in 
rodent skeletal muscle blocks acute contraction- 
mediated increases in glucose transport.

Later in a bout of exercise, this insulin- 
independent enhanced glucose utilization appears 
to be supplemented or replaced by an increase in 
skeletal muscle ISGU. Both skeletal muscle adap-
tive responses to metabolic demand and vascular 
adaptation to exercise are necessary for this more 
prolonged, insulin-dependent increase in glucose 
uptake with exercise. Some studies have found 
evidence for increased tyrosine phosphorylation 
of insulin receptor and insulin receptor substrates 
1 and 2 (IRS1 and 2), as well as increased PI3 
kinase binding to IRS and PI3 kinase activity 
following a bout of exercise (reviewed in [57]). 
However, others have found that this postexercise 
insulin sensitivity does not involve increases in 
insulin signaling per se or require new protein 
synthesis. In contrast, they find that insulin sen-
sitization does occur, as evidenced by a left shift 
of the insulin dose response curve, with concom-
itant lowering of serum insulin concentrations, 
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but this is in the absence of any increase in direct 
measures of insulin signaling (reviewed in [51, 
58]). Instead increased skeletal muscle ISGU 
coincides with persistent increased 160-kDa Akt 
substrate (AS160 or TBC1D4) phosphorylation 
and glycogen synthase activity and not with Akt 
activity [54, 59, 60].

Other signaling mechanisms triggered by 
exercise also appear to contribute to insulin 
sensitization. For instance, interleukin 6 (IL-6), 
usually produced by adipocytes, is also pro-
duced at high levels by exercising skeletal mus-
cle resulting in a ~100-fold increase in serum 
IL-6 during an exercise bout (reviewed in [61]). 
IL-6 has been shown to stimulate glucagon-like 
peptide-1 (GLP-1) secretion from intestinal 
L cells and the pancreas, leading to improved 
insulin responsiveness [62, 63]. IL-6, together 
with the increased AMP:ATP ratio, also results 
in exercise- induced increases in AMPK activ-
ity, further contributing to improved insulin 
sensitivity [64]. Furthermore, studies of IL-6-
deficient mice have demonstrated that these 
animals have decreased exercise endurance, 
decreased O2 consumption during exercise, 
and impaired fatty acid oxidation in response 
to exercise [65]. These effects appear to be 
mediated by a decrease in induction of AMPK 
activity and of fatty acid oxidation pathways 
in exercising muscle, by decreased lipolysis in 
adipocytes and glucose release from the liver, 
and by a decrease in sympathetic outflow during 
exercise [66]. Overall the literature is consistent 
with a crucial role for IL-6  in exercise perfor-
mance and in the generation of a high turnover 
metabolic state during exercise and other forms 
of physical stress. Interestingly, by 9 months of 
age, the IL-6- deficient mice are obese and have 
several features of metabolic syndrome, includ-
ing impaired glucose tolerance. Clearly the IL-6 
bout response plays a crucial role in both acute 
metabolic responses and long-term adaptations 
to exercise.

Most recently, inositol hexakisphosphate 
kinase-1 (IP6K1) also has been implicated. This 
kinase generates an inositol pyrophosphate (IP7) 
that binds to and prevents activation of Akt. A 
recent study demonstrated downregulation of 

IP6K1 with muscle contraction that could result 
in enhanced Akt phosphorylation independent of 
increased PI3 kinase activation [67].

 Training Effects

The effects of exercise training or routine physical 
activity on insulin sensitivity and glucose tolerance 
are likely to be complex and multifactorial and the 
relative roles of decreased visceral fat, CV fitness, 
and cumulative bout effects of exercise have yet to 
be defined (reviewed in [21, 50]). Studies clearly 
demonstrate that exercise training leading to 
increased fitness (generally defined as an increase 
in VO2max) also results in improved insulin sensi-
tivity, as measured by the gold standard hyperinsu-
linemic–euglycemic clamp, at least up to 72 hours 
after the last bout of exercise [68, 69]. However, it 
remains unclear whether insulin sensitization per-
sists beyond a prolonged bout effect after cessation 
of exercise in the absence of weight loss or weight 
redistribution [50, 70]. These studies also com-
pared exercise regimens consisting of moderate 
versus high- intensity activity, but with equal exer-
cise energy expenditure, and found greater effects 
on insulin sensitivity with higher intensity physical 
activity despite similar effects on VO2max. These 
results suggest that fitness alone may not be the 
primary determinant of insulin sensitivity, although 
there is clearly a relationship.

Others have asked whether the benefits of long-
term exercise training (as opposed to the bout 
effect) on insulin sensitivity can be completely 
accounted for by changes in visceral adiposity. 
These studies have had mixed results (reviewed 
in [21]). For instance, Christou et al. performed a 
cross-sectional analysis of 135 men aged 20–79 
and found that both low fatness and high fitness 
correlated with insulin sensitivity. However, in 
multiple regression analyses, VO2max was not 
an independent predictor of insulin sensitivity 
or fasting insulin concentration after adjusting 
for measures of total or visceral adiposity (total 
body fat and waist circumference). Conversely, 
after adjustment for fitness (VO2max), fatness 
remained an independent predictor of both mea-
sures of insulin responsiveness [71]. Similarly, in 
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another cross-sectional study of 407 adults, multi-
variate analyses estimated that VO2max—though 
an independent predictor of insulin sensitivity—
explained only about 1–2% of the variance, while 
waist circumference explained approximately 
20% of the variance [72]. These results again sug-
gest a much more significant effect from fatness 
than from fitness and suggest that insulin sensi-
tivity is more tightly associated with low visceral 
adiposity than with high fitness. However, Lee 
et al. examined overall metabolic syndrome risk, 
rather than insulin sensitivity alone, in 297 adult 
men. They found a relative risk for metabolic 
syndrome in the lowest fitness quintile versus 
the highest fitness quintile of 4.6 and 1.8, respec-
tively, before and after adjustment for abdominal 
fat (visceral and subcutaneous). Thus, when con-
sidering the overall metabolic risk, rather than IR 
alone, adiposity and fitness both appear to play 
important roles [73].

 Non-glucocentric Cardiometabolic 
Health Benefits of Exercise

Beyond the effects on muscle glucose uptake, 
multiple possible contributors to and media-
tors of the beneficial effects of physical activ-
ity on overall cardiometabolic health have been 
proposed. These include, but are not limited to, 
effects on inflammation, oxidative stress, the 
vasculature, mitochondrial function, and the gut 
microbiome that may provide cardiometabolic 
benefit through improved insulin sensitivity, as 
well as through other independent mechanisms, 
and are discussed briefly as follows. A detailed 
discussion of the vast and conflicting data on 
these mediators and likely bidirectional cause- 
and- effect relationships between them is beyond 
the scope of this chapter. Reviews of these topics 
are referenced where possible.

 Vascular Effects of Exercise

In addition to direct effects on muscle glucose 
uptake, muscle vascular responses to exercise are 
likely to play a role in the apparent insulin sen-

sitization that occurs with exercise. Sjoberg et al. 
explored postexercise insulin-stimulated muscle 
perfusion and glucose uptake in an exercised leg 
compared to the contralateral non-exercised leg 
4  hours after an acute single leg exercise bout. 
They found that L-NMMA-mediated nitric 
oxide synthase inhibition blocked the insulin- 
stimulated increase in microvascular perfusion 
and abrogated the increased glucose uptake in 
the exercised leg [59, 60]. This suggests that an 
insulin-dependent vascular response to exercise 
provides enhanced insulin, substrate, and oxygen 
delivery to the skeletal muscle and is an essential 
contributor to the increased ISGU occurring after 
an acute exercise bout. Two aspects of endothelial 
function are likely to be involved: changes in total 
muscle blood flow and, perhaps more importantly, 
changes in blood flow distribution resulting from 
the endothelium-mediated increased delivery of 
glucose (as well as oxygen, insulin, and other 
substrates) specifically to muscle fibers that are 
most metabolically active. Thus, it is likely that 
endothelial dysfunction in diabetes contributes 
to IR by impairing appropriate blood flow and/or 
distribution [74, 75]. Conversely, the often-dem-
onstrated improvements in endothelial respon-
siveness with exercise (reviewed in [59, 76–81]) 
likely contribute to improved glucose homeosta-
sis in response to regular physical activity. Lee 
et al. have found that low- to moderate- intensity 
exercise is at least as beneficial as high-intensity 
or combined endurance and resistance exercise 
for endothelial function, as measured by flow-
mediated dilation, consistent with other reports 
of significant metabolic and mortality benefits 
even for a change from sedentary to low levels of 
activity [77]. These vascular defects in IR will be 
discussed more fully in the section on T2D: Role 
of Insulin Resistance in Exercise Defects.

Two other aspects of vascular structure and 
communication with the muscle, capillary den-
sity, and the interstitial extracellular matrix 
(ECM) also play a role in IR and the response to 
exercise (reviewed in [82, 83]). Muscle capillary 
density is known to be decreased in IR, impair-
ing insulin and substrate delivery to the muscle. 
Capillary density is improved with exercise, thus 
correcting the defect in delivery (reviewed in 
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[84]). However, insulin and substrates that reach 
the active muscle must then also exit the vascula-
ture and enter the interstitial space. Evidence in 
animals and humans suggests that inflammation- 
mediated changes in the ECM with increased 
collagen synthesis and defective integrin signal-
ing also affect insulin sensitivity. The mechanism 
is not understood but may involve direct effects 
on insulin signaling, interference with insulin 
entry into the interstitial space, or simply through 
capillary rarefication [82, 83].

 Inflammation and Oxidant Stress

Inflammation is one of the universal mechanisms 
contributing to the initiation and progression 
of atherosclerosis [85] and the development of 
T2D [86–88]. It is also thought to play a role in 
the development of IR in these conditions [89]. 
Thus, the anti-inflammatory effects of exercise 
may contribute to insulin sensitization. However, 
the inflammatory consequences of exercise 
remain unclear. In general, short-term moderate- 
intensity exercise interventions have a modest 
positive impact on a subset of circulating cyto-
kines, such as IL-1 and IL-18, CRP, and tumor 
necrosis factor- alpha (TNFα[alpha]); presumed 
anti- inflammatory markers such as adiponectin 
and IL-6; and inflammation-related cell adhe-
sion molecules such as VCAM, intercellular 
adhesion molecule (ICAM), and the selectins 
[90–94], but exact methods and results have var-
ied. For instance, Zoppini et al. found stable CRP 
and decreased ICAM and P-selectin following 
6 months of aerobic exercise in older, sedentary, 
overweight people with diabetes [91]. In contrast, 
Olson et  al. found reduced CRP and increased 
adiponectin, but stable cell adhesion markers 
after 1 year of resistance training in overweight 
women [90]. A recent study comparing two exer-
cise modalities in individuals at risk for T2D 
found improved IR and increased IL-1 receptor 
antagonist (IL-1 RA) concentrations, indepen-
dent of the exercise modality (high versus mod-
erate intensity). However, CRP and IL-6 were not 
affected by either exercise intervention [95].

Overall, the most consistent findings from a 
large body of literature on exercise and inflamma-

tion support anti-inflammatory effects of exercise 
in the form of lower TNFα(alpha), increased IL-1 
receptor antagonist (IL-1RA), and transiently 
increased anti-inflammatory interleukins IL-6 
and IL-10 [88]. One of the most consistent find-
ings is a pronounced, but transient, bout effect on 
IL-6 that is now widely considered to have signif-
icant beneficial anti-inflammatory effects in addi-
tion to the metabolic effects described previously 
(reviewed in [88]). Infusion of recombinant IL-6 
has been shown to inhibit production of TNFα in 
response to endotoxin. Other evidence supports 
a role for IL-6  in suppression of TNFα produc-
tion and in the synthesis or release of other anti- 
inflammatory molecules, such as IL-1RA and 
soluble TNFα receptor (reviewed in [94]).

In contrast, the effect of exercise on the com-
monly used clinical marker of inflammation, 
hsCRP, remains controversial. A recent review of 
the evidence concluded that there is insufficient 
evidence for CRP lowering with exercise [96]. 
One of the largest studies to address this issue 
is the HERITAGE Family Study of 652 healthy 
sedentary adults [97]. A 20-week exercise inter-
vention failed to reduce CRP in the whole study 
population, but did reduce CRP by about 25% in 
the subpopulation with a baseline CRP > 3 mg/l. 
Thus, the effect of exercise on inflammation may 
be dependent upon the baseline status of the pop-
ulation, as well as on the nature, intensity, and 
regularity of the exercise intervention and on the 
timing of measurement of specific markers rela-
tive to the last bout of exercise.

Another proposed mechanism for variability 
in the inflammatory response to exercise invokes 
oxidant stress. The increased metabolic rate in 
exercising muscle results in increased genera-
tion of oxidants that can cause tissue damage. 
With training, levels of antioxidant enzyme 
systems appear to increase and oxidant dam-
age decreases (reviewed in [98–101]). The net 
result is, therefore, a balance of two opposing 
forces: inflammation and oxidant stress from 
unaccustomed activity and exercise bouts, with 
compensatory and beneficial anti-inflammatory, 
antioxidant, and tissue repair responses with 
training (reviewed in [99–101]). Several stud-
ies have demonstrated that antioxidants actually 
impair the training response to exercise, pos-
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sible by attenuating the oxidant burst with exer-
cise and, subsequently, the adaptive responses 
to the oxidant burst [102, 103]. Thus, this appar-
ently harmful oxidant burst from exercise may 
actually be an essential contributor to the ben-
efits of exercise.

 Mitochondrial Function and Fatty 
Acid Oxidation

Sedentary behavior, obesity, IR, and T2D are 
all associated with mitochondrial dysfunction, 
decreased mitochondrial content, and altered 
mitochondrial dynamics in what is likely a bidi-
rectional cause-and-effect relationship (reviewed 
in [104–109]). While the mechanism is not 
understood, some studies have implicated inflam-
mation and meta-fibrosis induced by mitochon-
drial oxidant stress from overnutrition in the 
etiology of these mitochondrial defects (reviewed 
in [110]). A deficiency in skeletal muscle oxida-
tive capacity, especially for fatty acid oxidation, 
is now thought to be a major factor in IR and 
T2D. Thus, another mechanism by which exer-
cise may improve insulin sensitivity is through 
beneficial effects on mitochondrial function and 
muscle oxidative capacity.

In fact, multiple studies have now demon-
strated increases in fat oxidation and mitochon-
drial content with various exercise interventions, 
with or without calorie restriction or weight loss. 
Goodpaster et  al. studied the effects of training 
combined with caloric reduction on insulin sen-
sitivity and fat oxidation and found that fasting 
fat oxidation increased by nearly 20% after the 
intervention and was a stronger predictor of insu-
lin sensitivity than weight loss or fitness [111]. 
A similar intervention was found to induce about 
a 50% increase in skeletal muscle mitochondrial 
electron transport chain activity [112, 113]. More 
recently, this group performed a study comparing 
the effects of 16-week interventions with either 
caloric restriction-induced weight loss or exercise 
without weight loss. Both interventions improved 
insulin sensitivity to similar degrees, but only the 
exercise intervention increased mitochondrial 
content and electron transport chain and fatty acid 
oxidation enzyme activities [114]. An older study 

looked at effects of a physical activity interven-
tion in a sedentary overweight- to- obese popula-
tion without caloric restriction and measured fat 
oxidation and insulin sensitivity both after two to 
four bouts of exercise (<1 week of training) and 
after 6 weeks of training. Significant and maxi-
mal increases in insulin sensitivity and fat oxida-
tion were already present after two to four bouts 
of exercise in the absence of changes in weight 
or fat distribution [115], suggesting that effects 
on mitochondrial fatty acid oxidation may also 
occur as a bout effect of exercise. The idea that 
improved fat oxidation and mitochondrial func-
tion result from a bout of exercise is supported 
by other literature. For instance, Holloway et al. 
demonstrated that during 120 minutes of aerobic 
exercise, whole body fat oxidation, mitochon-
drial palmitate oxidation, and CPT1 activity 
increased progressively throughout the exercise 
bout [116]. In another study, a single bout of 
exercise was able to prevent the IR induced by 
lipid/heparin infusion. Compared to a sedentary 
control day, the exercise bout increased enzymes 
of triglyceride synthesis, decreased muscle diac-
ylglycerol levels, and increased whole body fat 
oxidation throughout the lipid infusion [117]. 
Like the bout effect of exercise on glucose dis-
posal, this effect is mediated at least in part by 
the activation of AMP kinase by muscle contrac-
tion [118, 119]. Thus, one apparent bout effect of 
exercise that contributes to insulin sensitization 
is an increase in the ability of muscle to oxidize 
fat through increases in mitochondrial activity. 
These and many other studies demonstrate that 
exercise, both endurance and resistance, increase 
mitochondrial biogenesis and improve oxidative 
metabolism, fatty acid oxidation, and insulin sen-
sitivity (reviewed in [104, 105, 108, 112, 113, 
116, 120–124]).

 Weight Loss/Maintenance

The worsening epidemic of obesity is clearly 
an underlying factor in the increasing preva-
lence and earlier onset of metabolic syndrome 
and T2D. Exercise conditioning may serve as an 
adjunct therapy to aid in maintenance of weight 
loss, especially when linked to dietary change. 
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However, in the absence of diet, exercise does not 
consistently lead to weight loss. Multiple reviews 
and meta-analyses of weight loss studies that 
included an isolated exercise intervention have 
consistently found that exercise training with-
out dietary change results in minimal absolute 
weight loss (reviewed in [125–130]).

In contrast to the limited impact of isolated 
exercise for weight loss per se, exercise is very 
effective for acceleration of weight loss in com-
bination with diet and, most importantly, main-
tenance of weight loss. In a community-based 
study, introduction of walking in combina-
tion with healthy snacks prevented weight gain 
[131]. Similarly, in the National Weight Control 
Registry comparison of a group of subjects who 
have maintained a substantial weight loss for 
greater than 12 months with those who regained 
weight suggests that physical activity level of 
greater than 2000 calories per week is a crucial 
element of long-term success [132]. When exer-
cise is involved in a weight loss program, similar 
results have been reported. For example, a caloric 
restriction intervention resulted in a weight loss 
of 10 kg in the diet arm and 14 kg in the diet plus 
exercise arm. After 12 weeks, the dietary inter-
vention was discontinued but the exercise inter-
vention continued. At 36  weeks, the diet group 
had regained all but 4 kg, whereas the exercise 
group maintained 12 kg of weight loss [133]. It 
is critical to convey to patients that exercise alone 
does not lead to weight loss so that they will have 
an appreciation of the role of exercise and not be 
discouraged by an apparent lack of weight loss 
resulting from their exercise regimen.

 Lipids, Blood Pressure, 
and Cardiorespiratory Fitness

The role of exercise interventions in altering 
lipid levels remains unclear (reviewed in [134–
140]). In general, studies with longer interven-
tions (>6 months) of higher intensity and longer 
bout duration in metabolically unhealthy popu-
lations have been most likely to show increases 
in high- density lipoprotein cholesterol (HDLC) 
levels and reductions in cholesterol and triglyc-

eride (TG) levels. Two meta-analyses found con-
flicting results with regard to the HDLC-raising 
effects of exercise. A meta-analysis of studies of 
2–12  months of exercise in subjects with T2D 
found a significant decrease in TG levels, but 
no significant change in HDLC or low-density 
lipoprotein cholesterol (LDLC) levels [141]. In 
contrast, a meta-analysis of randomized con-
trolled trials of exercise intervention with lipid 
endpoints [142] found a modest, but statistically 
and clinically significant, increase in HDLC 
(2.53  mg/dl, p  <  0.001) with aerobic exercise 
training. A minimum of 2  hours per week of 
exercise was required and univariate regression 
analysis suggested that the most important single 
factor was exercise duration per session. In addi-
tion, the greatest benefit was seen in individu-
als with higher total cholesterol levels and lower 
BMI at baseline.

High blood pressure (BP) is a leading con-
tributor to CV mortality, and there is a consistent 
inverse relationship between physical activity 
and BP in cross-sectional studies. The first study 
to examine the impact of training upon BP was 
conducted by Jennings with a very rigorous 
exercise program in sedentary men [143]. Over 
the last few decades, a dose–response effect of 
exercise on BP has been observed in both men 
and women, including those with CV and meta-
bolic comorbidities. Several meta-analyses have 
assessed longitudinal intervention studies with 
different forms of exercise to determine the 
impact of exercise training on BP [144–146]. 
Studies have included both hypertensive and 
normotensive subjects and some have compared 
aerobic versus resistance versus isometric exer-
cise. Overall these analyses demonstrated a small 
(average ~3 mm Hg), but clinically and statisti-
cally significant, decline in both systolic and dia-
stolic average BP at rest, with a greater reduction 
in older hypertensive subjects.

Discussion of the effects of exercise on these 
and other parameters is complicated by the 
nonresponder phenomenon. In the HERITAGE 
study, individual responses to exercise were 
noted [147, 148]. For instance, although mean 
insulin sensitivity improved, individually 58% 
of subjects improved, while the remaining 42% 
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remained stable or became more insulin resistant. 
Similar results were found for HDLC-raising and 
BP-lowering effects. In addition, the response in 
one parameter did not predict response in other 
parameters. A combined analysis of several large 
exercise trials further supported the issue of non-
response to exercise, again including a lack of 
effect on lipid levels, BP, and insulin sensitivity 
[149]. This combined analysis of ~700 individu-
als who underwent a variety of exercise interven-
tions found that only about half of the individuals 
had a positive response to exercise for these 
measures, while about 10% had a statistically 
significant worsening of each of these param-
eters. Interestingly, the adverse responses were 
independent of type and intensity or exercise and 
occurred despite improvement in VO2 max, the 
commonly used measure of CRF in these studies. 
Most adverse responders had a negative response 
in only one parameter (31% of all participants), 
with <1% having a negative response to three or 
more parameters. Conversely, the HART-D study 
demonstrated that significant metabolic benefits 
were seen with exercise even in participants who 
were nonresponders with respect to CRF [150]. 
Thus, responses to exercise are likely quite indi-
vidual [151], but it is clear that virtually everyone 
has a beneficial response to exercise in some, if 
not all, known cardiometabolic measures.

 Gut Microbiome

Effects of the gut microbiome on insulin sensi-
tivity are increasingly well established and the 
interaction between exercise, IR, and the micro-
biome is just now being elucidated. Several lines 
of evidence briefly reviewed here suggest that the 
gut microbiome affects insulin sensitivity. For 
instance, Sepideh et  al. treated individuals with 
mild prediabetes and fatty liver for 2 months with 
a multispecies probiotic in a randomized double- 
blind placebo-controlled trial of 25 participants 
in each group. Fasting insulin, HOMA-IR, and 
several inflammatory markers improved signifi-
cantly in the probiotic group [152]. A high-fat 
diet has been shown to decrease overall diversity 
and the bacteroidetes-to-firmicutes ratio in the 

distal rodent intestine—changes associated with 
propensity for weight gain and with inflammation 
and IR in animals and man (reviewed in [153]).

Additional evidence suggests that exercise 
alters the gut microbiome in a direction that may 
be associated with improved insulin sensitivity. 
Preclinical studies have now demonstrated that 
exercise, in various forms, is able to counter the 
ill effects of a high-fat diet on the distal intesti-
nal microbiome independent of weight changes 
[154–157]. For instance, Denou et  al. studied 
male mice on chow versus high-fat diet (HFD) 
with and without high-intensity interval exer-
cise training in the HFD group. HFD decreased 
genetic diversity and the bacteroidetes-to- 
firmicutes ratio in the gut microbiome. Exercise 
training did not mitigate weight gain on the HFD, 
but the trained mice had significant reversal of the 
HFD-induced changes in the gut microbiome and 
were significantly more insulin-sensitive [156]. 
Studies in humans are very limited, but also sug-
gest that exercise effects on the gut microbiome 
may contribute to the insulin- sensitizing effects 
of exercise. Three studies have found a correla-
tion between physical fitness and gut microbiome 
composition. Yang et  al. demonstrated correla-
tions of physical fitness with several components 
of the gut microbiome in premenopausal women 
[158]. However, this relationship was lost when 
the model was adjusted for percent body fat, 
suggesting that fatness, not fitness, was the driv-
ing factor. Estaki et  al. studied young healthy 
adults of both sexes and also found a correlation 
between fitness and gut microbiome diversity 
and healthy (i.e., butyrate producing) composi-
tion [159]. Finally, Clarke et  al. compared pro-
fessional athletes during a training period (rugby 
team members) to nonathlete controls. The ath-
letes demonstrated increased gut microbiome 
diversity compared to controls, especially 
overweight and obese controls, but diet differ-
ences between the groups also appeared to play 
a role [160].

Overall, there is strong evidence for a rela-
tionship between exercise and/or fitness and the 
insulin sensitivity-impacting health and diversity 
of the gut microbiome in animals, with much 
weaker, though suggestive, evidence in people. 
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An ongoing study in men with obesity-related 
sleep disorders may shed more light on this topic 
[161].

 Other Novel Mediators

 MicroRNA
Exercise has been shown to alter microRNA 
(miRNA) levels in the blood, heart, and skel-
etal muscle, as well as other tissues (reviewed in 
[162]). In particular, evidence supports a protec-
tive role for exercise-induced miRNA changes in 
the diabetic heart [163]. There is wide specula-
tion and diverse evidence for metabolic conse-
quences of these miRNA changes. This is likely 
to be a field of intense future study with potential 
impact on our understanding of the relationships 
among exercise, insulin sensitivity, and the ben-
efits of exercise. However, the field is too new to 
allow for a concise review or clear conclusions 
from this evidence at this time.

 Natriuretic Peptides
A growing body of evidence suggests that natri-
uretic peptides (NPs) have roles beyond cardio-
vascular function. These peptides, secreted by 
myocardium and endothelial cells, appear to 
have widespread effects not only on cardiovas-
cular function, but also on every tissue known 
to be involved in metabolic homeostasis. Recent 
studies have shown an inverse correlation 
between NPs and obesity, while exercise has 
been shown to increase circulating NPs. Thus 
NPs may also play a key role in the metabolic 
benefits of exercise and/or exercise deficits in IR 
(reviewed in [164]).

 Myokines
As discussed previously, production of IL-6 by 
active muscle may play a large role in the benefi-
cial effects of exercise. Other studies have impli-
cated a large array of other myokines produced 
by contracting skeletal muscle as well (reviewed 
in [165]). These include other interleukins, irisin, 
fibroblast growth factors, neurotrophic factors, 
and more.

 Summary of Exercise Benefits

In general, evidence suggests that the benefits of 
physical activity on the overall metabolic state 
result from a combination of single and cumula-
tive bout effects on insulin sensitivity, largely in 
the skeletal muscle and the vasculature, as well as 
training effects, likely through body composition 
and/or fitness, on insulin sensitivity and other 
metabolic syndrome criteria. Many different 
mechanisms contribute to these cardiometabolic 
changes and the interplay between them is not 
fully understood and continues to be the subject 
of active research.

 The Reality of Exercise in Diabetes

Unfortunately, despite the extensive data indi-
cating the importance of physical activity and 
exercise in diabetes, 60–80% of adults with 
T2D do not exercise sufficiently and adherence 
to exercise programs is low in these patients 
[166–169]. Sedentary people are more likely 
to develop diabetes, so established lifestyle 
habits are likely to contribute to this statistic. 
Importantly, however, another clear physiologi-
cal contributor to this relationship is the under-
appreciated impairment in functional exercise 
capacity and exercise  tolerance in people with 
diabetes. In age, sex, activity, and BMI-matched 
individuals (youth and adults) with uncompli-
cated diabetes (type 1 and type 2), there is a 
20–30% decrease in CRF [170–173]. This exer-
cise impairment also occurs in other insulin-
resistant, diabetes risk states, such as polycystic 
ovarian syndrome (PCOS) and metabolic syn-
drome [174, 175]. Thus, a bidirectional adverse 
relationship between sedentary lifestyle and 
IR may also occur in these prediabetic condi-
tions. In this section we will review the data 
demonstrating exercise impairment and intol-
erance in diabetes, the reported contributors to 
this relationship, the interaction between exer-
cise and insulin sensitivity, and newer reports 
demonstrating microvascular contributors to the 
relationship between exercise, insulin action, 
muscle fatigue, and CFR.
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 Effects of Type 2 Diabetes on Exercise 
Performance

 Maximal Exercise Capacity
Multiple studies have now demonstrated that 
people with apparently uncomplicated diabetes 
(adults and youth, type 1 and type 2) have reduced 
CRF compared with people without diabetes 
who are matched for age, weight, and/or physical 
activity, as evidenced by a lower VO2max during 
incremental exercise (e.g., Table  18.1) [37, 38, 
172, 176–181]. The overall difference in VO2max 
between people with and without diabetes is 
approximately 20%. The mechanisms for this 
impairment have not been completely elucidated. 
However, based upon available data, IR, cardiac, 
and peripheral factors limiting systemic oxygen 
delivery and defects in tissue oxygen extraction 
may all play a role (see below).

 Submaximal Exercise Tolerance 
and Oxygen Uptake Kinetics  
(VO2 Kinetics)
There are also exercise abnormalities during sub-
maximal exercise in T2D. During the early stages 
of an incremental exercise test, oxygen consump-
tion (VO2) increases with each increase in work 
rate. In individuals without diabetes, there is a 
predictable increase in VO2 to meet the meta-
bolic demand for a given increase in workload 

(~10.1 ml/min/watt) [182]. The VO2-to-workload 
relationship thus describes an individual’s overall 
ability to adjust to the exercise stress, and reduc-
tions in the slope of this relationship have been 
shown to effectively indicate abnormalities of 
cardiac output and gas exchange in cardiopulmo-
nary and vascular diseases [183]. Similar to max-
imal O2 consumption, the rate of increase in VO2 
per increase with increasing workload is altered 
in people with T2D compared with healthy con-
trols [172]. Submaximal constant-load exercise 
studies have demonstrated defects in the ability 
to increase oxygen consumption with increasing 
demand in T2D.  Unlike graded or incremental 
exercise, constant-load exercise is performed at a 
moderate workload below the individual’s lactate 
threshold, where a steady-state VO2 for a given 
work rate can be obtained. Following the onset of 
exercise, VO2 rises exponentially to a new steady 
state. The time course of this rise, representing 
the VO2 kinetic response, is determined by the 
systemic integration of muscle VO2, cardiac and 
vascular adaptations of oxygen delivery, and pul-
monary gas exchange. The primary component 
of VO2 kinetics is described by a time constant 
(tau2) reflecting the time to reach ~63% of the 
increase in VO2. The VO2 kinetic response is 
slowed in women with T2D compared to non-
diabetic women of similar body mass index and 
physical activity levels in the absence of any clin-
ical evidence of CVD [172] (Table 18.2). Women 
with T2D had not only a lower VO2max, but also Table 18.1 Maximal exercise capacity

Lean control
Obese 
control DM

Age (years) 36 ± 6 37 ± 6 42 ± 7
Fat-free mass 
(kg)

42 ± 7 48 ± 5 47 ± 5

HgbA1c (%) 6.0 ± 0.6 5.3 ± 0.5 9.0 ± 0.4∗
BMI (kg/m2) 23.5 ± 2.3∗∗ 30.8 ± 3.6 33.1 ± 6.3
Maximal 
exercise 
response
VO2max (ml/
kg/min)

25.7 ± 4.9 22.0 ± 2.3 17.1 ± 3.8∗

Maximal RER 1.13 ± 0.05 1.13 ± 0.08 1.16 ± 0.11

Modified with permission from Regensteiner et  al. 
[172, 179]
RER respiratory exchange ratio
∗P  <  0.05 for difference between T2D and controls. 
∗∗P  <  0.05 for difference between lean and other two 
groups. Data are mean ± SD

Table 18.2 Submaximal exercise kinetics

LC OC DM
VO2 kinetics
20 W Tau (sec) 21.4 ± 8.9 18.4 ± 9.9 42.6 ± 23.8∗
30 W Tau (sec) 28.8 ± 5.3 27.8 ± 8.9 36.8 ± 6.2∗
80 W Tau (sec) 42.8 ± 7.5 41.2 ± 8.2 55.7 ± 20.6
Heart rate 
kinetics
20 W Tau (sec) 8.5 ± 4.6 10.6 ± 8.2 23.8 ± 16.2∗
30 W Tau (sec) 23.9 ± 13.8 14.2 ± 8.0 40.7 ± 11.9∗
80 W Tau (sec) 41.2 ± 14.8 43.3 ± 11.3 72.3 ± 21.5∗

Modified with permission from Regensteiner et al. [172]
LC lean controls, OC overweight controls, DM T2 diabe-
tes, W watts, Tau the monoexponential time constant of 
VO2

∗P  <  0.05 difference between T2D and both control 
groups. Data are mean ± SD
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reduced VO2 at all submaximal workloads tested 
(Fig. 18.3) and slower VO2 kinetic and heart rate 
kinetic responses. This was true compared to both 
lean and obese controls (Table 18.2), suggesting 
that T2D, rather than obesity per se, is responsible 
for the observed exercise impairments. Of note, 
this defect in the kinetics of oxygen increase at 
submaximal workloads may be of particular rel-
evance to the decreased activity in patients with 
T2D, as it has an impact on the rate of perceived 
exertion (RPE) at any exercise level. This may 
discourage physical activity as the effort required 
seems higher for individuals with T2D, even at 
very low workloads [181, 184].

VO2 kinetics may be limited by defects in 
oxygen delivery or by the inertia of oxidative 
metabolism in the working tissue [185–188]. 
Thus, the time constant of phase 2 VO2 kinetics 
is sensitive to alterations in oxygen exchange at 
the lungs, cardiac output, endothelial function, 
microvascular distribution, oxygen diffusion, 
and rates of tissue oxygen consumption and is 
prolonged in patient groups with abnormal pul-
monary, CV, or metabolic responses to exer-
cise. Potential mechanisms for this abnormal 
response in T2D include a decrease in oxygen 
delivery due to impaired endothelial or cardiac 
function, defects in blood flow distribution at 
the tissue level, and/or an abnormality of muscle 
oxidative metabolism.

 Role of Insulin Resistance in Exercise 
Defects
Many reports demonstrate a positive correlation 
between insulin sensitivity and VO2max [189–
191]. In adults and adolescents with uncompli-
cated T2D, IR was a significant independent 
predictor of VO2peak and slowed VO2 kinetics 
[180]. IR has also been reported to be inversely 
correlated with VO2max in several disease states 
in addition to T2D, including type 1 diabetes, 
heart failure, and chronic renal failure [192–194]. 
This decrease in CRF is independent of hyper-
glycemia or complications of diabetes or of the 
systemic illness associated with heart and renal 
failure, as evidenced by the findings of exercise 
defects in adolescents with uncomplicated early 
T2D [180], in nondiabetic women with poly-
cystic ovarian syndrome (PCOS) [174], and in 
the metabolic syndrome [175]. The deficit in 
VO2max in subjects with PCOS compared to age- 
and weight-matched controls with similar physi-
cal activity levels correlated with all measures 
of IR. Furthermore, a direct correlation between 
insulin sensitivity and physical fitness level has 
been demonstrated in normotensive men with 
a family history of hypertension [195] and in 
healthy nonobese individuals without personal or 
family history of diabetes [196].

The cause-and-effect relationship between 
IR and impaired exercise performance has 
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Fig. 18.3 This figure 
illustrates that oxygen 
consumption at all 
submaximal workloads for 
which there is complete 
data is reduced in persons 
with type 2 DM (open 
circles) compared to 
nondiabetic controls 
(closed circles) of similar 
age and activity levels 
during graded exercise 
testing [173]. (Reprinted 
with permission from 
Regensteiner et al. [173])
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been further addressed through the use of a 
pharmacological intervention to improve insu-
lin sensitivity. In a study of 20 women with 
early, uncomplicated T2D randomized to rosi-
glitazone or placebo, rosiglitazone treatment 
resulted in a significant 7% improvement in VO2 
max [189]. This improvement correlated with 
both increased insulin sensitivity and improved 
endothelial function. Furthermore, in one small 
study, 6–8- hour lipid infusion to acutely induce 
IR in healthy individuals prior to exercise test-
ing decreased max workload, slowed kinetics, 
and increased RPE [196]. Conversely, the addi-
tion of exenatide in a well-controlled population 
with T2D improved glycemia and vascular and 
cardiac stiffness, but not insulin sensitivity (by 
HOMA-IR), endothelial function, VO2peak, or 
VO2 kinetics [197]. The implication of all these 
results is that there is an exercise impairment 
associated with T2D that is not solely a result 
of deconditioning from an associated sedentary 
lifestyle or of hyperglycemia and that appears 
to be directly related to IR. Thus, the aforemen-
tioned data suggest that the cause-and-effect 
relationship between low physical activity and 
diabetes may be bidirectional. Not only does 
lack of exercise promote IR, but IR appears to 
cause defects in functional exercise capacity 
that, in turn, make exercise feel more difficult 
and interfere with exercise adherence.

 Potential Mechanisms for Insulin 
Resistance-Associated Exercise 
Impairment

There are several metabolic and nonmetabolic 
sequelae of IR that may contribute to muscle 
fatigue and to the decreased capacity for exer-
cise in IR (reviewed in [198]). In this section, 
we will review the relationship between insu-
lin action, cardiac and peripheral endothelial 
function, and muscle metabolism and mito-
chondrial function in both cardiac and skeletal 
muscle. We will further discuss the impact of 
changes in heart and skeletal muscle perfusion 
(blood flow and distribution, capillary density, 
and recruitment) on exercise performance, thus 

considering how each defect may contribute to 
exercise impairments in diabetes.

 Hyperglycemia
To date no associations have been found between 
markers of glucoregulation (hemoglobin A1C or 
fasting serum glucose concentration) and exer-
cise performance [173, 177, 178, 180, 197, 199, 
200]. Thus, changes in glycemic control, per se, 
do not appear to be the primary mediators of 
exercise defects in T2D.

 Vascular Dysfunction
This broad term encompasses several forms of 
vascular dysfunction that are well established to 
be present in IR conditions (reviewed in [201]). 
These include endothelial dysfunction, arterial 
stiffness, and microvascular defects. The poten-
tial relationship of each of these parameters to IR 
and to exercise defects is discussed as follows.

Arterial Stiffness
Arterial stiffness is widely recognized in IR 
states [202]. Correlation with decreased VO2 
peak has been reported in some [203, 204] stud-
ies. However, pharmacological improvement in 
arterial stiffness does not appear to translate to 
improved exercise capacity [197, 205]. In con-
trast to endothelial dysfunction (a specific defect 
in endothelial cells), arterial stiffness is multifac-
torial and results from a combination of endothe-
lial dysfunction, chronic changes in the vessel 
wall cellularity and structure, vascular smooth 
muscle dysfunction, and tonic vasoconstriction. 
Structural stiffening of the vessel wall (increased 
collagen and elastin degradation) is associated 
with chronic hypertension and hyperglycemia 
and correlates with IR, but the causal relationship 
has not been established. In addition, IR states 
are associated with increased sympathetic ner-
vous system (SNS) activity [206–208] and renin 
angiotensin system (RAS) activation [201]. Each 
of the latter cause vasoconstriction and hence 
contribute to a state of increased vascular tone 
and structural arterial stiffness. In the exenatide 
study referred to earlier, exenatide improved arte-
rial stiffness but did not affect IR and the inter-
vention did not significantly improve exercise 
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performance [197]. These data suggest that arte-
rial stiffness may not be a primary mediator of 
IR-associated exercise defects.

Endothelial Dysfunction
It is well established that peripheral endothe-
lial function and vascular reactivity in response 
to pharmacological vasodilators and cuff isch-
emia at rest [209, 210], as well as in response 
to exercise, are abnormal in adults with T2D 
compared to nondiabetic controls [211, 212]. 
Furthermore, insulin’s physiologic ability to 
enhance endothelium- dependent vasodilation 
is markedly impaired in people with diabetes 
compared to lean control subjects. It has been 
proposed, and studies support, that IR at the 
level of the endothelial cell is invariably asso-
ciated with endothelial dysfunction [213]. For 
instance, obese subjects with and without T2D 
have endothelium- dependent vasodilation that 
is reduced by 40–50% compared with lean con-
trol subjects [214]. Jahn et al. demonstrated that 
IR-related endothelial dysfunction, at least in 
response to insulin, exists at all levels of the arte-
rial tree (conduit, resistance, and microvascular) 
in metabolic syndrome [215]. Direct effects of IR 
on endothelial nitric oxide synthase activation and 
indirect effects through associated RAS and/or 
SNS activation and adipokine production by peri-
vascular adipocyte tissue have all been proposed 
and supported as mediators of IR-associated 
endothelial dysfunction [201, 216–218]. Thus, 
the exercise abnormalities observed in T2D could 
reflect a deficient endothelial dilator and recruit-
ment response to metabolic demand in the heart, 
as well as in peripheral skeletal muscle. In this 
scenario, exercise capacity would be limited by 
peripheral and/or cardiac blood flow, impairing 
not only demand-associated increases in oxygen 
delivery, but also in glucose and insulin transport 
to skeletal and cardiac muscle.

The evidence exploring an interaction between 
endothelium-dependent endothelial nitric oxide 
(NO) generation and exercise performance in 
T2D is surprisingly mixed. Specifically, direct 
support for a role for endothelial dysfunction 
in T2D exercise defects comes from the work 
of Jones et  al. using N-nitro-L-arginine methyl 

ester (L-NAME) to reduce NO levels prior to 
performing exercise. They found a decrease in 
VO2max that correlated with the expected reduc-
tion in vasodilation and decreased perfusion of 
large muscle groups [219]. However, in contrast 
to the slowing of VO2 kinetics seen in subjects 
with T2D, L-NAME induced an acceleration of 
the rate at which oxygen consumption increased 
with exercise [219, 220]. This could be explained 
by the observation that NO appears to competi-
tively interfere with the mitochondrial electron 
transport chain [221–223], impairing muscle 
oxidative phosphorylation and slowing muscle 
VO2 kinetics. Thus, acute inhibition of NO syn-
thesis alone appears to decrease VO2max through 
decreased perfusion, but to speed VO2 kinetics via 
the removal of NO-mediated inhibition of mito-
chondrial oxidative metabolism. Furthermore, 
mouse studies have demonstrated an adaptation 
to chronic L-NAME treatment with restoration of 
VO2max over time [224]. If this holds in humans, 
the chronic endothelial dysfunction of T2D could 
be overcome by compensatory changes. Together 
with the fact that VO2 kinetics are slowed in dia-
betes, these results imply that changes in exer-
cise parameters in T2D cannot be fully explained 
by changes in NO synthesis or, presumably, by 
endothelial dysfunction alone.

Microvascular Dysfunction
The role of the microvascular blood flow distri-
bution in muscle fatigue and CRF has been pos-
tulated for decades and is an area of intensive 
study. Microvascular blood flow and responses to 
increased demand are more difficult to study quan-
titatively and a number of techniques have been 
combined in both clinical and preclinical studies 
to address the microvascular contribution. These 
techniques include contrast-enhanced ultrasound 
(CES), near-infrared spectroscopy (NIRS), and 
magnetic resonance imaging/magnetic resonance 
spectroscopy (MRI/MRS) and positron emission 
tomography (PET) methods in humans and intra-
vital microscopy in rodent muscle and human sur-
rogate muscle (tongue vasculature). A number of 
groups have defined clear defects in microvascular 
function in IR and T2D [225–229]. Other studies 
have clearly demonstrated microvascular recruit-
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ment by insulin—for instance, during euglycemic–
hyperinsulinemic clamps—that is independent of 
overall limb blood flow and correlated directly with 
insulin sensitivity [230] (reviewed in [231]). This 
microvascular recruitment is thought to be due to 
insulin- mediated endothelial NO production in the 
small resistance vessels in the muscle. For exam-
ple, the skeletal muscle improvement in glucose 
clearance postexercise bout depends in part upon 
NO-dependent improvement in skeletal muscle 
blood flow and in part on increased skeletal mus-
cle insulin responsiveness [59]. In support of this, 
another study also found that cutaneous microvas-
cular flow in response to acetylcholine iontopho-
resis was decreased in insulin- resistant women 
without T2D [232], again supporting a role for IR, 
rather than hyperglycemia, in this defect. This find-
ing, combined with reports that insulin-mediated 
capillary recruitment is decreased in people with 
T2D, places microvascular dysfunction squarely as 
a mechanistic contributor to and/or result of IR that 
may also contribute to exercise defects in T2D.

We and others have examined the relation-
ship between abnormal microvascular function 
in T2D and the CRF impairment. To date, the 
data are inferential yet compelling. In the heart, 
we found that postexercise cardiac perfusion 
was impaired in people with uncomplicated 
T2D [233]. This perfusion defect correlated 
with little or no reduction in cardiac index [233, 
234]. Despite stable or decreased cardiac func-
tion, people with T2D demonstrated lower arte-
riovenous oxygen extraction and less net muscle 
blood flow, with a resulting overall decrease 
in muscle oxygen consumption. Importantly, 
VO2max correlated with the skeletal muscle 
arteriovenous oxygen difference, but not with 
cardiac output [170, 233]. Since even a mod-
est reduction in cardiac output should increase 
reliance on oxygen extraction, this suggests 
that local defects in oxygen transport into and/
or oxidative capacity of the exercising skel-
etal muscle (discussed later) exist in T2D and 
may contribute to the exercise defects seen in 
this population. The microvascular perfusion 
defects suggested by these studies appear to fall 
into three possible general categories: (1) gross 

defects in capillary density and structure, (2) 
decreased capillary recruitment with increased 
demand (likely reflecting small vessel endothe-
lial function), and (3) dysfunctional distribution 
of blood flow in response to demand (reviewed 
in [231, 235]).

The contributors to muscle microvascu-
lar perfusion include structural and functional 
components outlined previously. One of the 
earliest observed microvascular defects in 
T2D was reduced skeletal muscle capillary 
density [236]. In addition altered basement 
membrane structure has been demonstrated in 
T2D and is thought to correlate with hypergly-
cemia and other microvascular complications 
of T2D [237]. These structural changes could 
directly contribute to alterations in microvas-
cular hemodynamics that impair O2 and sub-
strate exchange from capillary to myocyte, as 
suggested by work in diabetic rodent models 
[238–240]. The relationship between oxygen 
diffusion (potentially decreased in T2D) and 
exercise performance in T2D has not been 
extensively explored [241, 242].

In order to address capillary recruitment dur-
ing exercise, we evaluated the impairment seen in 
VO2 kinetics in T2D in conjunction with measures 
of skeletal muscle oxygenation with NIRS in 11 
T2D and 11 healthy, sedentary subjects [187]. 
This combination of measurements allowed the 
investigation of changes in oxygen delivery rela-
tive to VO2 at the level of the exercising muscle. 
In addition to slowed VO2 kinetics, we found 
an altered profile of muscle deoxygenation fol-
lowing exercise onset in the T2D subjects that is 
consistent with a transient imbalance of muscle 
oxygen delivery relative to muscle VO2 in T2D 
[188, 243]. These data suggest a subnormal or 
delayed microvascular blood flow increase in the 
skeletal muscle of T2D subjects in response to 
exercise.

Decreased capillary recruitment and density 
do not fully explain the failure to increase arterial 
oxygen extraction in compensation for demand- 
insufficient oxygen delivery during exercise in 
IR and T2D. First, muscle contraction itself also 
triggers microvascular recruitment and studies 
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by Barrett et  al. have suggested that exercise-
induced recruitment is independent of insulin and 
occurs even in the setting of IR without microvas-
cular complications [228, 229]. Thus, increased 
recruitment of microvascular flow should occur 
during exercise in uncomplicated IR. Second, if 
the problem during exercise is solely impaired 
microvascular blood flow, oxygen extraction from 
the available blood should increase in response to 
the demand. While the absence of this compen-
satory increase in oxygen extraction may result 
from defects in skeletal muscle oxygen extraction 
or metabolism (described later), studies and flow 
modeling by our group and others have suggested 
that impaired distribution of blood flow may also 
contribute and is possibly the main contributor. 
In this model, blood flow within the muscle is 
not appropriately locally distributed to the mus-
cle fibers with the highest oxygen demand, due 
either to lack of appropriate perfusion heteroge-
neity or an excess of inappropriate heterogeneity 
[74, 75, 188, 235]. The result is excess blood flow 
and low oxygen extraction in nonworking muscle 
and insufficient blood flow with maximum pos-
sible oxygen extraction in the working muscle. 
Mathematical modeling suggests that this would 
result in an overall reduction, or at least failure 
to compensate for increased demand, in overall 
oxygen extraction.

Overall there is strong evidence that 
IR-induced defects in oxygen delivery to work-
ing muscle (skeletal and cardiac), including at 
the level of the microvasculature, contribute to 
the exercise defects associated with IR and T2D.

 Myocardial Dysfunction
It is likely that cardiac factors also contribute 
to the exercise abnormalities of T2D and meta-
bolic syndrome. Evidence has accumulated for 
the existence of myocardial dysfunction that 
is unrelated to coronary artery disease in many 
individuals with diabetes, even early uncompli-
cated diabetes and in adolescents with T2D (e.g., 
[244–253]). This condition has been termed “dia-
betic cardiomyopathy” and generally refers to a 
finding of subclinically impaired left ventricular 
(LV) function at rest [244, 247, 249, 250, 254] 
and/or during exercise [234, 246, 248, 252, 253, 

255] in the absence of major coronary disease or 
hypertension. The aforementioned studies have 
demonstrated a predominant component of dia-
stolic dysfunction in diabetic cardiomyopathy. 
Similar subclinical, largely diastolic, dysfunction 
has also been demonstrated in metabolic syn-
drome [175].

Clinically, it has been shown that cardiac dia-
stolic dysfunction correlates closely with impair-
ments in CV exercise capacity in heart failure 
[256], in diabetes [234, 248], and in normal sub-
jects [257]. In our studies of exercise dysfunc-
tion in T2D, we have observed that pulmonary 
capillary wedge pressure rises more steeply and 
to a greater level with exercise in T2D than in 
controls [258] and that this cardiac abnormal-
ity, which likely represents diastolic dysfunc-
tion, correlates with the observed decrease in 
exercise capacity. In addition, the finding that 
heart rate kinetics are slowed in diabetes further 
suggests a cardiac or “central” oxygen delivery 
component to the exercise impairment [172]. 
Although resting cardiac output is typically 
preserved in T2D, the impaired diastolic filling 
results in a smaller stroke volume and cardiac 
output is preserved at the expense of a higher 
heart rate. As a result, heart rate reserve for 
exercise is decreased in addition to the impaired 
filling, likely contributing to the decrease in VO2 
max in T2D [234, 255]. In contrast, however, 
Gurdal et al. found that the decreased exercise 
capacity in 43 study participants with T2D did 
not correlate with their mild degree of diastolic 
dysfunction [259].

Multiple mechanisms, including the 
IR-associated increase in SNS and RAS activa-
tion, have been proposed to play a role in car-
diac dysfunction in T2D [234]. We have also 
observed that the disproportionately increased 
pulmonary capillary wedge pressure, which 
correlates with the decrease in exercise capac-
ity in uncomplicated T2D, also correlates with 
reduced myocardial perfusion [233], suggest-
ing that impaired coronary artery endothelial 
function and/or the microvascular dysfunction, 
described previously, leading to cardiac dys-
function may be another mechanism for exer-
cise impairment in T2D.
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 Metabolic Dysfunction

Cardiac Substrate Utilization in Insulin 
Resistance
Changes in substrate utilization and metabolic 
inflexibility are also potential contributors to 
exercise defects in IR. Simply stated, insulin pro-
motes carbohydrate utilization. In the absence 
of sufficient insulin signaling in IR, metabolism 
relies more heavily on fatty acids—a less oxygen- 
efficient fuel source. Furthermore, IR is associ-
ated with defects in mitochondrial function and 
oxidative capacity that may limit the ability to 
mobilize these alternative fuel sources. Compared 
to skeletal muscle, cardiac muscle preferen-
tially utilizes fatty acids for energy production. 
However, a further shift in energy production to 
use of fat over glucose and an inability to shift to 
glucose under increased energy demand may also 
contribute to exercise defects in diabetes. This 
model is supported by studies examining cardiac 
fuel utilization in IR rodents, in which a fixed, 
excess reliance on inefficient fat oxidation in 
the diabetic myocardium relative to nondiabetic 
controls was demonstrated [260, 261]. This fuel 
preference occurred at the expense of glucose 
oxidation and was accompanied by increased 
myocardial oxygen consumption, with less ATP 
produced per unit of O2 consumed and impaired 
cardiac efficiency. Similar results have been 
obtained in other IR animal models and in human 
subjects (reviewed in [122, 262]). For example, 
Peterson et  al. demonstrated increased myocar-
dial oxygen consumption, decreased cardiac 
efficiency, and increased cardiac free fatty acid 
(FFA) utilization in obese women compared to 
controls [263–266]. Since ventricular relaxation 
is a highly energy-dependent process, ventricular 
stiffness and diastolic dysfunction, such as that 
seen in diabetic subjects, may be an early presen-
tation of energy-poor states, including inefficient 
cardiac substrate oxidation.

Skeletal Muscle Mitochondrial Function 
in Diabetes
As discussed previously, multiple mechanisms 
are likely to be at play in altering skeletal muscle 
metabolism during exercise. Defects in skel-

etal muscle mitochondrial function and, conse-
quently, impaired ability to maintain and restore 
ATP levels may contribute to exercise defects 
in T2D.  The changes in microvascular func-
tion described previously would not only limit 
oxygen delivery to working muscle, but also 
substrate and insulin delivery. Hence the shift 
to the less energy-efficient fatty acid utiliza-
tion for cardiac muscle may also occur in skel-
etal muscle, even in the absence of other muscle 
defects. In contrast to cardiac muscle, however, 
skeletal muscle can take up glucose in an insulin- 
independent fashion during muscle contraction 
as described. Thus, in the setting of exercise, 
skeletal muscle fibers that are properly perfused 
may have an excess of substrate (glucose and 
fatty acids) available, while underperfused mus-
cle fibers lack adequate substrate. The observa-
tion of metabolic inflexibility in IR and T2D has 
established that these conditions impair the abil-
ity to adjust to available substrate on the whole- 
body level [105]. Overall, metabolic inflexibility 
and microvascular perfusion and distribution 
defects together present a scenario of metabolic 
disarray with variably inappropriate substrate uti-
lization in working skeletal muscle. This meta-
bolic disarray is likely to contribute to increased 
muscle fatigue and greater perceived exertion 
seen in T2D and thus to decreased peak exer-
cise capacity. Furthermore, we and others have 
demonstrated decreased mitochondrial function 
in vivo in the skeletal muscle in T2D using MR 
spectroscopy [267, 268]. However, we have also 
found that the in vivo defect is largely corrected 
with supplemental oxygen [269] suggesting that 
the defect may be largely in oxygen delivery or 
extraction, rather than an inherent mitochondrial 
defect. Overall, it appears that both the ability to 
deliver oxygen appropriately to working skel-
etal muscle and the ability of the muscle to uti-
lize oxygen during exercise are compromised in 
insulin- resistant states and contribute to the exer-
cise defects seen in IR and T2D.

 Precursors of Insulin Resistance
Alternatively, or in addition to sequelae of IR, it 
is possible that precursors to IR, such as inflam-
mation, dysfunctional adipose tissue, and altered 
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sleep patterns, also contribute to exercise defects 
seen in IR. However, direct evidence that these 
mechanisms contribute to exercise defects is 
lacking and further study is needed.

 Effects of Exercise Training 
on Exercise Performance in Type 2 
Diabetes

Exercise training can substantially improve exer-
cise performance of individuals with T2D [37, 
179, 200, 270]. Improvements in VO2max in 
men and women with diabetes ranging from 8 
to 30% have been documented [179, 270, 271]. 
In addition, a decreased heart rate per submaxi-
mal workload has been reported after exercise 
training [200], suggesting improved exercise 
efficiency, again similar to results in nondiabetic 
persons. Oxygen uptake kinetics and heart rate 
kinetics became faster after 4 months of exercise 
training in persons with T2D, although not in 
nondiabetic controls, suggesting normalization 
of the rate of circulatory adjustment to the begin-
ning of exercise, a process that is impaired in sed-
entary diabetic subjects [179]. The relationship 
between this training effect and improved insulin 
sensitivity with exercise has not been explored.

 Summary

The relationship between exercise capacity 
and IR is complex and involves multiple physi-
ological systems. Furthermore, the relationship 
is likely to represent a cyclic causality, with 
decreased physical activity contributing to IR and 
IR causing exercise impairment that may in turn 
further promote sedentary behavior. The benefits 
of exercise (and, conversely, the ill effects of sed-
entary behavior) on CV risk factors, endothelial 
function, insulin sensitivity, and diabetes pre-
vention, as well as CV and all-cause mortality, 
are clear. Other benefits, including maintenance 
of mitochondrial health and number and effects 
on hemostasis and systemic inflammation, are 
likely, but less well defined. It also seems likely 
that further study will reveal other areas of ben-
efit derived from regular exercise. On the other 

hand, individuals with IR who would be expected 
to benefit disproportionately from exercise have 
been shown to be relatively inactive and unfit. 
While the increased risk of IR in sedentary indi-
viduals is undoubtedly one contributor to this 
relationship, evidence suggests that IR may itself 
cause defects in exercise capacity. These defects, 
in turn, may make exercise more difficult and 
uncomfortable and, thus, encourage sedentary 
behavior in the very population that would most 
benefit from exercise.

Clearly the benefits of regular exercise, espe-
cially in insulin-resistant populations, are worth 
pursuing. Considerable thought and effort are 
currently going into defining the appropriate exer-
cise prescription for insulin-resistant individuals. 
Importantly, studies suggest that there may not be 
one right answer. Results from the HERITAGE 
study and from the combined analysis of several 
large studies demonstrate that responses to an 
exercise program are heterogeneous [147–149, 
272]. Details on timing of these measures rela-
tive to the last bout of exercise and measures of 
compliance with exercise may account for some 
of the variation. The HERITAGE study authors 
argue that genetic variation accounts for nearly 
50% of the heterogeneity in responses to exer-
cise. Thus, patient  characteristics that we do not 
yet understand may determine the best exercise 
regimen [151].

This chapter provides a strong metabolic 
argument for increasing physical activity and 
cardiorespiratory fitness. The question remains 
of how to enable individuals at risk to success-
fully engage in physical activity/exercise. The 
difficulty of establishing guidelines for exercise 
in insulin-resistant populations arises not only 
from the complexity of the system, but also from 
the conflict between the ideal and the realistic. 
In general, studies suggest that much of the ben-
efit of exercise, especially on insulin sensitivity, 
arises from bout effects of exercise, supporting 
a daily exercise recommendation. Furthermore, 
these bout effects likely persist longer after more 
intense (i.e., more glycogen-depleting) exercise. 
Thus, daily or near daily exercise, of at least 
moderate intensity and duration, provides the 
most benefit for insulin sensitivity and meta-
bolic health. However, guidelines that stress this 
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frequency, duration, and intensity are likely to 
be daunting for insulin-resistant persons with 
impaired ability to exercise at baseline. Is it bet-
ter to have optimal guidelines that no one fol-
lows or suboptimal guidelines to which patients 
might realistically adhere? This dilemma faces 
both people with IR and their clinical providers. 
Optimally, exercise recommendations should 
stress the fact that, while more rigorous and 
daily is better, any increase in level of activity 
is likely to be beneficial. A recommendation of 
regular exercise/activity has the dual benefits of 
optimizing bout effects of exercise and of mak-
ing exercise a habit and, therefore, more likely 
to persist. It should also be stressed that exercise 
does not need to cause weight loss to provide 
very significant metabolic risk benefits. Beyond 
these general recommendations, an individual-
ized approach that encourages activities that are 
enjoyable, that works with schedule issues, and 
that accepts an individual’s abilities, handicaps, 
and motivation may be the best approach. If one 
strategy is not effective, health-care providers 
and wellness coaches need to work with the indi-
vidual to consider a different way to introduce 
physical activity. Much as with obesity or smok-
ing cessation, a persistent effort may be needed 
to enable successful behavior change. Finally, 
it is critical to acknowledge that adopting an 
active lifestyle as an adult with a long history of 
sedentary behavior and possibly multiple com-
plications of this sedentary life, notably obesity 
and musculoskeletal complaints, is challenging. 
Clearly the optimal approach is to establish an 
active lifestyle and healthy behavior patterns in 
children and to encourage individuals to continue 
these patterns as adults.
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Weight Loss Medications 
in Adolescents

Linda L. Buckley, Daniel H. Bessesen, 
and Philip S. Zeitler

 Introduction

It is clear that there is a strong association 
between weight gain and the development of 
metabolic diseases, including hypertension, dia-
betes, and coronary artery disease, as well as 
increased mortality rates [1–6]. It is also clear that 
weight loss can markedly improve insulin resis-
tance and other markers of adverse health risks in 
obese individuals [7–9]. The challenge is how to 
help obese patients achieve and maintain weight 
loss. Currently available treatments include diet, 
exercise, medications, and surgery [10]. These 
treatment modalities go from those with limited 
effectiveness and low risk, to those with greater 
effectiveness, costs, and risk. Pharmacotherapy 
for obesity is a treatment approach that has inter-
mediate effectiveness and risk between behav-
ioral therapy and surgery and has recently been 

advocated as a “mainstream” treatment option 
that should be discussed with patients [8, 11, 12].

Despite a dramatic rise in prevalence of obe-
sity in children, adolescents, and adults over 
the last 30 years [13] and the limited effective-
ness of behavior modification as a treatment 
approach, there remains deep skepticism among 
healthcare providers about the appropriateness of 
prescribing medications to help people manage 
their weight [14]. This reluctance grows out of a 
number of firmly held beliefs. These include the 
idea that weight loss medications have unaccept-
able side effects, limited effectiveness, and are 
not paid for by most third-party payers. Some of 
the reluctance to prescribe medications may also 
come from a belief that obesity is a behavioral 
problem and, as a result, it is not appropriate to 
prescribe medications for this condition. This last 
idea may grow out of a deep-seated bias against 
obese people. These beliefs are substantial bar-
riers to the use of pharmacological therapy for 
obesity in the context of metabolic disorders.

The idea that weight loss medications are 
dangerous grows out of a long history of unex-
pected serious side effects from older weight 
loss medications [15]. The list of these unin-
tended consequences is long [16], beginning 
with thyroid hormone prescribed for weight 
loss in the late 1800s causing frank hyperthy-
roidism and continuing to the use of amphet-
amines in the 1930s and 1940s resulting in 
serious problems of addiction. Aminorex was 
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a weight loss medication that was widely pre-
scribed in the 1960s and 1970s that was linked 
to cases of serious pulmonary hypertension. 
As a result, it was withdrawn from the market. 
Very low calorie diets using gelatin as a source 
of protein, popular in the 1970s, were associ-
ated with a number of cardiovascular deaths. 
In the 1990s, following the publication of a 
number of studies by Weintraub demonstrating 
the utility of this combination, there was a dra-
matic rise in the prescription of a combination 
of phentermine and fenfluramine, commonly 
known as phen/fen [17, 18]. Unexpectedly, 
cardiac valvulopathy and primary pulmonary 
hypertension were identified as side effects 
of these drugs, and as a result, fenfluramine 
and dexfenfluramine were withdrawn from the 
market [19, 20]. In 1998, phenylpropanolamine 
was removed from the market because of con-
cerns about strokes, and in 2003, ma huang, an 
active ingredient in the popular over-the-coun-
ter product Metabolife, was removed from the 
market because of concerns over heart attacks 
and strokes.

However, there is now a good deal of infor-
mation about the safety of current weight loss 
medications, while there is increasing recogni-
tion that many of the medications used in general 
clinical practice have side effects. The question, 
as with any prescription, is not what the risks 
are, but whether the benefits of the medication 
outweigh the risks. Since the history of unin-
tended consequences associated with weight 
loss medications may have created a state where 
these medications are held to a uniquely rigorous 
standard of safety, it may be important for physi-
cians to ask themselves whether their safety con-
cerns over weight loss medications are justified 
or are a manifestation of some other resistance to 
this form of treatment.

Two further concerns are that weight loss 
medications are widely believed to be inef-
fective and are typically not covered by third-
party payers. The issue of effectiveness will 
be discussed below, but suffice it to say these 
two issues are interrelated. Obesity is likely a 
root cause of some of the most common dis-
orders seen in medical practice, including dia-

betes, hypertension, coronary artery disease, 
degenerative arthritis, gastroesophageal reflux, 
depression, breast and colon cancer, and stress 
urinary incontinence to name just a few [4, 21, 
22]. The pharmaceutical costs attributable to 
these conditions are enormous and the available 
data suggest that effective treatment of obesity 
could dramatically reduce the healthcare bur-
den associated with them. Currently available 
weight loss medications provide 5–8% weight 
loss over diet alone and this degree of weight 
loss is associated with improvements in markers 
of metabolic health. Therefore, the benefits are 
not trivial.

However, the number of patients needing 
treatment is so large, the effectiveness of cur-
rent medications sufficiently limited compared 
to currently available medications for each of 
the related metabolic diseases, and the current 
costs so large that insurers are understandably 
reluctant to take on the financial risk associ-
ated with covering weight loss medications in 
the absence of clear and compelling evidence of 
cost benefit. Patients occasionally come to their 
health-care provider with an interest in trying 
a weight loss medication. In this situation, it is 
important to advise the patient about the likeli-
hood that they will have to pay for the medicine 
and what the cost will likely be. At that point, it 
becomes the patient’s decision as to whether the 
cost is justified.

Finally, it may be that the most significant 
barrier to physicians prescribing weight loss 
medications and, the most resistant to change, 
is an underlying sense that overweight and obe-
sity represent behavioral problems that are not 
appropriate for treatment with medications. 
There is a widely held belief that if people 
would simply choose to eat less and exercise 
more the problem could be remedied. The cor-
ollary is that if a person does not make these 
changes, the weight problem is really their fault 
[23, 24]. This conviction may reflect an underly-
ing belief that body weight is chosen rather than 
biologically regulated [25]. However, this belief 
conflicts with a substantial body of research 
demonstrating a strong biological component 
to body weight regulation and may represent an 
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underlying bias against obese people that is so 
pervasive that it is even seen among health-care 
professionals who specialize in weight manage-
ment [26, 27]. This bias has been documented in 
a number of studies [28–30] and may be mani-
fested through a discomfort in interacting with 
obese people and a distaste for the problem and 
its management.

In many other conditions including diabetes, 
hypertension, and hyperlipidemia, physicians 
rarely blame the patient for their condition and 
comfortably move directly to pharmacotherapy 
with minimal emphasis on behavior modification, 
despite the fact that changes in diet and physi-
cal activity have clearly documented benefits in 
these diseases. How many physicians would tell 
a patient with type 2 diabetes and elevated blood 
glucose that “we are not going to use medications 
in your case until you demonstrate to me that 
you are able to adhere to a strict diet and exer-
cise program?” Yet, this sort of comment is com-
monly heard by seriously obese patients when 
they go to their doctor asking about a weight loss 
medication.

Health-care providers sometimes think of 
obesity as a “lifestyle” or “quality of life” con-
dition that does not justify medical therapy. Yet, 
there are clear health complications of obesity 
and medications are commonly prescribed for 
other “lifestyle” conditions. While good dietary 
and physical activity habits are important in the 
management of all of these metabolic diseases, 
the reluctance to use medications seems to be 
more strongly held when the patient is obese. 
Physicians often emphasize the seriousness of the 
side effects that a person might experience with 
a weight loss medication (such as diarrhea with 
orlistat) and yet spend little time on potentially 
serious side effects from other commonly pre-
scribed medicines (such as hypoglycemia with 
glyburide, hypokalemia with lasix, or myositis 
with statins). Unfortunately, bias is difficult to 
combat because it frequently goes unrecognized 
by the person who holds the bias. Therefore, it 
is important for healthcare providers who care 
for obese patients to consider their own opinions 
about obesity and how these beliefs might affect 
the care that is given.

 Goals of Weight Loss Therapy

What is an appropriate goal for a weight loss 
treatment plan? If a clinician asks his or her 
patient what their goal weight loss is, the answer 
will frequently require a 30–50% weight loss 
[31]. While this would be optimal if it could be 
accomplished realistically, there are no treatments 
currently available that can provide this degree 
of weight loss without substantial risk. The treat-
ment options currently available range from rela-
tively low effectiveness and low risk to greater 
effectiveness and greater risk. Gastric bypass sur-
gery can provide 30% weight loss, but the mortal-
ity associated with this procedure is 1–2%, with 
an 8–20% complication rate and a lifelong change 
in eating behaviors [9]. For most patients with 
mild or moderate obesity, this would seem to be 
an unacceptable degree of risk. On the other hand, 
most diet and exercise programs can provide 
5–7% weight loss and this degree of weight loss 
has clearly been shown to have health benefits. 
In the Diabetes Prevention Program, individuals 
with impaired fasting glucose and/or a history of 
gestational diabetes were randomized to behav-
ioral intervention, usual care, or metformin. In 
the behavioral weight loss group, subjects lost 6% 
of their initial weight and had some regain over 
the subsequent 4 years [32]. This modest degree 
of weight loss produced by diet and exercise was 
associated with a highly significant 58% reduction 
in the rate of developing diabetes [33]. This result 
has been seen in other studies as well [34]. These 
studies clearly demonstrate that 5–7% weight loss 
has meaningful effects on metabolic health. For 
this reason, 5–7% weight loss has widely become 
viewed as medically meaningful weight loss and 
is the “bar” or standard against which any obesity 
treatment should be judged.

But is this a meaningful degree of weight loss 
for patients? Realistically, when a patient consid-
ers treatment for their weight they only have two 
choices: (1) accept their weight where it is, which 
frequently means accepting gradual progressive 
weight gain; or (2) attempting some form of treat-
ment. In this context, the most important issue is 
whether the patient thinks that a degree of weight 
loss is superior to accepting his or her weight at 
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its current level. While most patients do not find 
a 5–7% weight loss ideal, some may find that 
choice preferable to accepting their weight where 
it is. Many recent studies have suggested that the 
combination of weight loss medications with a 
good behavioral program provides more weight 
loss than either intervention used alone. In fact, 
individuals may be able to achieve a 10–15% 
weight loss with an aggressive behavioral pro-
gram combined with medications [35]. This is a 
degree of weight loss that many patients found 
attractive when using phen/fen. While some 
interpret this result to mean that weight loss med-
ications do not work without a good behavioral 
program, another view would be that for optimal 
weight loss without surgery, medications need to 
be added to behavioral treatment approaches.

What are the health benefits to weight loss, in 
particular medication-induced weight loss? The 
most definitive measure for health benefits asso-
ciated with weight loss would be a reduction in 
mortality. Currently, there are no randomized 
clinical trial data that demonstrate this benefit. 
Alternatively, weight loss could improve health 
as demonstrated by reduction in the incidence of 
serious intermediate endpoints, such as the devel-
opment of diabetes, or through the improvement 
in biochemical markers of metabolic health, such 
as low-density lipoprotein (LDL) cholesterol, 
high-density lipoprotein (HDL) cholesterol, insu-
lin, glucose, and others. Weight loss medications 
do demonstrate improvements in many markers of 
metabolic health, but the degree of improvement 
seen is rather modest in comparison to more tradi-
tional treatments. One advantage of weight loss as 
a strategy for improving metabolic health, however, 
is that weight loss has the potential to simultane-
ously improve multiple conditions, while treatment 
of hyperlipidemia, hypertension, or hyperglycemia 
with traditional medications has benefits that are 
more limited to the condition targeted.

 Overview of Weight Loss 
Medications

Weight loss medications currently avail-
able for adults provide 5–7% weight loss over 
3–6 months of use. Weight will tend to plateau 

at that point, with weight regain following dis-
continuation of the medication. This means that 
weight loss medications likely will need to be 
used for long term to give long-term benefits 
[36]. Intermittent administration of medications 
is a reasonable strategy if the patient or physi-
cian is concerned about long-term use. However, 
weight is lost while medications are taken, stabi-
lizes at a new lower level, and begins to increase 
almost immediately with discontinuation of the 
medication, followed by restoration of weight 
loss with reinstitution of medication. Thus, the 
medications do not permanently change the way 
the body regulates weight, but rather their effect 
goes away when they are stopped. The modern 
view is that obesity is a chronic, typically pro-
gressive metabolic disorder, much like diabetes 
or hypertension. If medications are to be used to 
manage the condition, the medications must be 
used chronically.

Second, most weight loss medications are 
not paid for by insurance plans, and as a result, 
patients will need to pay for these themselves. 
This cost will be borne by the patient for the 
duration of therapy, which likely will be many 
years. Thus, the choice of a medication for many 
patients depends on the mechanism of action, 
the cost per month, the side effect profile of the 
medication, and issues of U.S.  Food and Drug 
Administration (FDA) approval. There is hope 
that in the future, there may be increased insur-
ance coverage, and perhaps, improved efficacy 
with the use of combination therapy or newer 
medicines acting through novel pathways. Of the 
medications listed below, only orlistat has been 
approved for use in adolescents >12 years of age.

 Orlistat

Orlistat (Xenical, Roche) is a pancreatic lipase 
inhibitor that works by blocking fat absorption by 
roughly 30%. The medication is given as 120 mg 
by mouth with each meal and the cost is roughly 
$120.00 per month. Orlistat has been studied in 
more than 30,000 patients for up to 4  years in 
more than 90 controlled clinical trials in a range 
of patient types [8, 37]. Like sibutramine, orlistat 
can deliver a 5–7% weight loss above that seen 
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with a behavioral treatment program alone. The 
effectiveness of orlistat therapy given for 2 years 
was demonstrated in a study by Sjostrom [38]. 
As has been seen with other weight loss medica-
tions, the benefits of orlistat go away on discon-
tinuation. In a number of studies, the fraction of 
patients achieving a 5% weight loss is between 
60% and 70% on orlistat therapy, while 30% of 
patients achieve greater than a 10% weight loss 
[39]. Orlistat has a number of metabolic ben-
efits in addition to simply producing weight loss. 
These include a reduction in LDL cholesterol, 
serum triglycerides, waist circumference, and 
improvement in blood glucose and HbA1C in 
people with type 2 diabetes [40].

Orlistat has also been tested for the prevention 
of the development of type 2 diabetes in at-risk 
individuals [41]. In the Xenical in the prevention 
of Diabetes in Obese Subjects trial (XENDOS), 
high-risk individuals were randomized to either 
placebo or orlistat; 53% of individuals ran-
domized to orlistat achieved a 5% weight loss 
or greater and 26% achieved a 10% or greater 
weight loss at 4  years of follow-up [41]. The 
4-year incidence of type 2 diabetes in the placebo 
group, already receiving diet and exercise coun-
seling, was 9%. The 4-year incidence of type 2 
diabetes in the orlistat group was 6.2% represent-
ing a 37% reduction in the incidence of diabetes, 
which was highly significant. The use of orlistat 
as a weight loss agent has also been examined 
in obese adolescents in several studies [42–44]. 
These studies demonstrated effectiveness that 
was almost identical to that seen in adults with 
similar side effects. The weight loss produced in 
adolescent subjects was associated with improve-
ments in waist circumference and serum lipids as 
well. While there remains a good deal of reluc-
tance to use medications to treat obesity in young 
people, these studies demonstrate the effective-
ness and safety of orlistat in this population.

The side effects of orlistat relate to its mecha-
nism of action in blocking dietary fat absorption. 
Patients may experience oily stools, increased 
frequency of bowel movements, and some sense 
of fecal urgency. However, if patients are made 
aware of the drug’s mechanism of action and are 
encouraged to consume a reduced fat diet, these 
side effects can be managed in most patients and 

do not often result in discontinuation of therapy. 
There have been concerns about orlistat produc-
ing deficiencies in fat-soluble vitamins. However, 
the incidence of this side effect in clinical trials 
has been less than 5%. It is still advisable to 
encourage patients to take one multiple vitamin 
per day to prevent the development of vitamin 
deficiencies on orlistat therapy. There are con-
cerns that orlistat could alter the prothrombin 
time in patients treated with the oral anticoagulant 
coumadin and that it also could reduce plasma 
levels of cyclosporine in patients receiving this 
medication following an organ transplant. This 
medication should be taken with special care and 
monitoring or avoided in patients taking these 
medications.

Because of the demonstrated long-term safety 
and effectiveness of orlistat, the FDA approved 
a 60-mg dose of this medication for over-the- 
counter (OTC) sales—the only OTC weight loss 
medication approved by the FDA. It is marketed 
by GlaxoSmithKline under the name Alli. Studies 
presented to the FDA demonstrate that this dose 
taken three times per day with meals produces a 
2–3% weight loss over that seen with diet alone.

 Phentermine

Phentermine is an older medication that increases 
norepinephrine content in the brain and was half 
of the combination therapy phen/fen. It produces 
a 5–7% weight loss over and above treatment 
with diet alone. Data in adolescents are limited. 
A small retrospective chart review compared 
adolescents treated with phentermine 15  mg 
once daily for 6 months to lifestyle modification 
therapy [45] alone and found a −4.1% reduc-
tion in body mass index (BMI), a result similar 
to that reported in adults. Phentermine is chemi-
cally related to amphetamine but does not have 
the same addictive potential. Probably because 
of its low cost, phentermine is the most widely 
prescribed anti-obesity drug in the United States 
[18]. There is currently no evidence of any seri-
ous side effects when used as a single drug. 
Specifically, there is no evidence that it causes 
either primary pulmonary hypertension or car-
diac valvulopathy.
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In the original studies from the 1960s, this 
medication was only used for 3  months and as 
a result, is only FDA approved for 3 months of 
use. Therefore, many physicians are reluctant to 
prescribe it. However, our current understand-
ing of medical therapy for obesity suggests that 
if a medication is only used for a limited time, 
it will not produce a lasting change in weight. 
This leaves physicians in a position of needing 
to decide to either not prescribe this medication 
or to prescribe it “off-label.” While some states 
have given clear regulatory guidance that it is 
inappropriate to prescribe phentermine off-label, 
many states have not established clear guidelines, 
leaving the decision up to the discretion of the 
patient and physician. These decisions need to 
be based on a careful weighing of the risks and 
benefits for an individual patient and involve a 
process of informed consent. It is important if a 
provider chooses to prescribe phentermine that 
they begin at a low dose, 8–15 mg/d, and follow 
blood pressure and pulse over the next several 
weeks. If the patient is tolerating the medication 
well, the dose can be increased up to 30 mg/d in 
1–2 months and again the blood pressure should 
be monitored.

 Topiramate

Topiramate is FDA approved for the treatment 
of epilepsy in ≥2 years of age and migraine pro-
phylaxis in ≥12 years old and causes weight loss 
in adult obesity trials. The combination obesity 
medication phentermine/topiramate ER is FDA 
approved for chronic weight management in 
adults. A small randomized, placebo-controlled 
pilot clinical trial evaluating 75  mg topiramate 
in 30 adolescents ages 12–17 with severe obesity 
showed a 2% BMI reduction at 6 months, which 
did not reach statistical significance compared 
with placebo [46]. A retrospective chart review 
examining the effect of 75 mg topiramate once 
daily for at least 3  months found a 4.9% BMI 
reduction [47]. No studies of the combination of 
phentermine and topiramate have been reported 
in adolescents, but adult results suggest that this 
may be a promising approach in severely obese 
adolescents.

 Glucagon-Like 1 Receptor (GLP-1) 
Agonists

Exenatide and liraglutide are GLP-1 agonists that 
are FDA approved for type 2 diabetes mellitus 
in adults and are used off-label in adolescents 
<18  years of age. When used for the treatment 
of diabetes, both exenatide and liraglutide are 
associated with weight loss in adults and liraglu-
tide is FDA approved for weight loss in adults. 
There are limited data on the efficacy of these 
agents for weight loss in adolescents. In pooled 
data from two small randomized trials of pediat-
ric age patients with severe obesity, 3 months of 
treatment with exenatide plus lifestyle modifica-
tion reduced BMI by 3.42% compared to lifestyle 
alone [48]. On the other hand, in the Ellipse study 
of adolescents with obesity and type 2 diabetes, 
BMI Z-score in those on liraglutide decreased by 
only 0.25 kg/m2 and was not different from pla-
cebo, though the dose approved for weight loss 
in adults was not used [49]. Studies of liraglu-
tide for the treatment of obesity in adolescents 
without diabetes are now underway, as well as for 
weekly and oral GLP-1 agents.

 Other Agents

Lisdexamfetamine is FDA approved for the treat-
ment of attention deficit hyperactivity disorder 
(ADHD) in children ≥6  years and adults and 
binge-eating disorder in adults. It is not approved 
specifically for weight loss, but weight loss in 
the range of 2–5 pounds is common, and this 
agent may be useful for younger children and 
those with binge-eating disorder and impulsive 
behavior.

Lorcaserin is a 5-hydroxytryptamine receptor 
agonist that acts on proopiomelanocortin neurons 
in the hypothalamus and is FDA approved for the 
chronic treatment of obesity in adults [50]. There 
are no studies of lorcaserin in adolescents.

The combination naltrexone/bupropion blocks 
opioid-mediated pro-opiomelanocortin (POMC) 
autoinhibition, inhibits reuptake of dopamine and 
noradrenaline, and has been FDA approved for 
the chronic treatment of obesity in adults [50]. 
There are no data on the efficacy of this combina-
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tion for obesity in adolescents, though both have 
been used for other indications in the pediatric 
population.

Setmelanotide is the first of a pipeline of new 
agents targeted to specifically address mutations 
in the regulation of appetite. This melanocortin-4 
receptor agonist is being studied for the treatment 
of obesity related to POMC deficiency, leptin 
receptor deficiency, Bardet–Biedl syndrome, 
Alstrom syndrome, and Prader–Willi syndrome 
and can result in very substantial weight loss in 
the appropriately chosen patient [51].

 Medications That Promote Weight 
Gain

When seeing an overweight or obese patient, it is 
also important to consider whether medications 
the patient is taking are contributing to weight 
gain [52]. A number of antipsychotic agents 
[53], progestational agents, glucocorticoids, 
antidiabetic medications (sulfonylureas, thiazoli-
dinediones, and insulin), and other medications 
can promote weight gain. If a patient is on one 
of these medicines, it is important to monitor 
their weight, and if weight is rising dramatically, 
consider other options. The other options include 
using a different medication, reducing the dose, 
or deciding that the risks of continued adminis-
tration outweigh the benefits of that medication.

 Summary

Obesity is a serious and growing problem in the 
United States and around the world. It is clearly 
associated with an increased risk of develop-
ing a wide range of metabolic disorders and a 
reduction in both the length and quality of life. 
While behavioral treatment approaches are the 
cornerstone of management, pharmacotherapy 
offers added efficacy without a risk of serious 
side effects. It is important for physicians to have 
a good working knowledge of how and when to 
consider prescribing weight loss medications. 
It is hoped that over the coming years, newer 
weight loss medications used as single agents or 

in combination will provide obese patients with 
the kind of weight loss that will truly improve 
their health and quality of life.
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 Introduction

Current estimates are that 17.0% of US chil-
dren and adolescents ages 2–19 years are obese 
and 5.8% are severely obese, defined as a body 
mass index (BMI) at or above 120% of the sex-
specific 95th percentile based on the 2000 US 
Centers for Disease Control (CDC) BMI-for-age 
growth charts [1]. Particularly alarming has been 
the rapid rise in the prevalence of severe obesity 
among adolescents ages 12–19 years, which has 
risen from 5% to 9.1% over the past 15  years 
[1]. The high prevalence of severe obesity and 
data demonstrating childhood obesity tracks into 
adulthood suggest that US adolescents are at 
high risk to develop obesity-related comorbidi-
ties—such as insulin resistance, type 2 diabetes, 
obstructive sleep apnea, polycystic ovarian syn-
drome, fatty liver disease, and cardiovascular 
disease—by young adulthood [2, 3]. Diet, exer-
cise, and behavior modification have limited suc-

cess in providing significant and durable weight 
loss, while pharmacological therapy is currently 
limited in the pediatric population [4]. This has 
led to exploration of alternate strategies to treat 
severe obesity and its associated comorbidities. 
Metabolic/bariatric surgery (MBS) in the ado-
lescent population is emerging as an effective 
long- term option, as it results in sustained weight 
loss and improves obesity-related comorbidities. 
The term metabolic is used with bariatric surgery 
because evidence has accrued indicating that the 
profound metabolic and comorbidity improve-
ments that are seen following surgery com-
monly surpass that expected from body weight 
loss alone. This chapter will review common 
MBS procedures, the indications for use, and the 
effects of surgery on obesity, associated comor-
bidities, and insulin resistance in adolescents.

 Indications for Operation 
and Procedures Used for Adolescent 
Metabolic/Bariatric Surgery

Body mass index criteria for MBS in adoles-
cents have evolved over the past decade from 
relatively conservative cutoffs (BMI  ≥  40  kg/
m2 with severe comorbidities, or BMI ≥ 50 kg/
m2 with less severe comorbidities) to BMI and 
comorbidity cut points that allow consideration 
of surgery once the diagnosis of severe obesity 
is made (e.g., BMI ≥ 35 kg/m2), congruent with 
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adult guidelines [5]. The American Society for 
Metabolic and Bariatric Surgery (ASMBS) posi-
tion statement and best-practice guidelines for 
the use of MBS in the adolescent population in 
2012 are presented in Table 20.1 [6].

 Common Types of Metabolic/
Bariatric Surgery Procedures

Data from the National Inpatient Sample database 
from 2004 to 2011 show that approximately 950 
adolescent MBS cases were conducted per year. 

According to recently published data from the 
Patient Centered Outcomes Research Initiative 
Bariatric Surgery Study, which included 544 
adolescent cases from participating healthcare 
systems, major shifts in the use of specific MBS 
procedure types (Fig.  20.1) have occurred. In 
2004–2009, Roux-en-Y gastric bypass (RYGB), 
vertical sleeve gastrectomy (VSG), and adjustable 
gastric banding (AGB) accounted for 46%, 13%, 
and 40% of adolescent cases, respectively. In con-
trast, in 2014, VSG accounted for more than 80% 
of adolescent cases, with RYGB and AGB per-
formed in <20% of the time [8]. Although these 

Table 20.1 Current eligibility criteria for adolescent metabolic bariatric surgery

Body mass index (kg/m2) Comorbidities
≥35 Type 2 diabetes mellitus, moderate/severe OSA (AHI >15), pseudotumor cerebri, 

severe NASH
≥40 Mild OSA (AHI >5), insulin resistance, hypertension, impaired fasting glucose, 

dyslipidemia, impaired quality of life
Additional eligibility criteria IV or V (unless severe comorbid disease warrants earlier MBS)
Tanner stage ≥95% estimated growth
Skeletal maturity Demonstrates ability to understand dietary/physical changes after surgery
Lifestyle changes Evidence of mature decision making
Psychosocial Understands risk and benefits of surgery

Evidence of family and social support
Evidence that patient/family will be compliant with recommended preoperative 
and postoperative care (dietary, medication, etc.)

Adapted from Thakkar and Michalsky [5]
OSA obstructive sleep apnea, AHI apnea-hypopnea index, NASH nonalcoholic steatohepatitis

a b c

Fig. 20.1 The three most commonly performed MBS 
procedures. (a) The adjustable gastric band is placed lapa-
roscopically around the upper stomach to restrict the tran-
sit of ingested food. (b) Laparoscopic sleeve gastrectomy 
involves separation of the greater curvature from the 

omentum and splenic attachments. (c) Roux-en-Y gastric 
bypass involves the rearrangement of the alimentary canal, 
such that ingested food bypasses most of the stomach, all 
of the duodenum, and a portion of the proximal jejunum. 
(Reprinted with permission from Miras and le Roux [7])
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prevalence data provide real- world evidence of 
procedure preferences, there is no clear consensus 
about which MBS procedure is most appropriate 
for adolescents based on objective safety and effi-
cacy comparisons. Each procedure has its advan-
tages and disadvantages along with unique risks.

 Adjustable Gastric Band

The AGB is a purely restrictive procedure in which 
a rigid, prosthetic band with an inner adjustable 
balloon is placed laparoscopically around the 
proximal stomach, usually 1–2 cm below the gas-
troesophageal junction, thus limiting the volume 
of food that can be ingested. The balloon within 
the band inflates with saline using a needle via 
a subcutaneous port anchored to the fascia of 
the rectus abdominis muscle to achieve a vari-
able degree of restriction [9, 10]. Benefits of this 
procedure include a lack of staple lines, potential 
reversibility, and fewer nutritional deficits than the 
malabsorptive procedures. Complications include 
tube leaks, band migration, and erosion of the 
band into the stomach. Important for the long-term 
success of the operation, patients are required to 
follow up at regular intervals for band adjustment 
and lifestyle/nutritional counseling. Finally, while 
the manufacturer conducted an outcome study for 
this device in adolescents, these data have not been 
published and the use of this device in adolescents 
younger than 18 years of age is not approved by 
the US Food and Drug Administration (FDA).

 Vertical Sleeve Gastrectomy

VSG was originally performed as the first step in a 
staged weight loss procedure for the most severely 
obese adults who presented the highest risks of 
general surgery and anesthesia [9]. VSG involves 
separation of the greater curvature of the stomach 
from the omentum and splenic attachments and 
the excision of approximately 75% of the stomach 
using a stapling device. The excision extends from 
approximately 5 cm proximal to the pylorus to the 
angle of His, leaving a narrow remnant stomach 
based on the lesser curve of the stomach [10]. 
The benefits of this procedure include the lack of 

a foreign body, no need for frequent adjustments 
as with the AGB, and fewer nutritional deficien-
cies than seen in other malabsorptive procedures; 
however, leakage from the suture line and stenosis 
are potential complications [9, 11]. Although orig-
inally introduced as a first-stage procedure that 
would ultimately entail an additional more defini-
tive weight loss procedure, the operation appears 
to be a definitive bariatric operation for most who 
have undergone the procedure. Long-term weight 
loss data in large numbers of patients have not yet 
been published, however.

 Roux-en-Y Gastric Bypass

RYGB has been widely adopted in the treatment 
of severe obesity in the adult population since 
the 1960s and was first reported for the treat-
ment of severe adolescent obesity as early as the 
1970s [5]. It has been described as a procedure 
with a combination of restrictive and malabsorp-
tive effects. However, more recent investiga-
tions in human and animal models suggest that 
the most important effects of the operation on 
weight regulation involve physiologic alterations 
in postprandial gut hormone secretion (affect-
ing appetite and satiety), energy expenditure, 
macronutrient preference, microbiota, bile acid 
metabolism, and micronutrient and mineral mal-
absorption [12]. RYGB involves the creation of 
a small (<30 mL) proximal gastric pouch that is 
divided and separated from the distal stomach 
and then anastomosed to a Roux limb of small 
bowel 75–150 cm in length [4]. The benefits of 
RYGB include a proven ability to induce long- 
term weight loss and to decrease comorbid dis-
ease [13]. However, the procedure is irreversible, 
causes significant change to the normal gut ori-
entation, and carries a risk of micronutrient mal-
nutrition if proper attention is not paid to diet and 
supplementation of essential nutrients.

 Weight Loss Outcomes

MBS is now an established treatment for severe 
obesity in adults [14]. It is the only therapeu-
tic option that results in substantial short- and 
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long- term durable weight loss. In 2015, Chang 
et  al. published results of a meta-analysis that 
included 164 studies (37 randomized clinical 
trials and 127 observational studies) that com-
prised more than 160,000 adults [15]. Data from 
12 randomized studies found the mean reduction 
in BMI during the first postoperative year was 
13.5  kg/m2 (95% CI 11.6–15.5), with a single 
study reporting a BMI reduction of 11.4 kg/m2 
at 5 years. Similar findings were reported from 
57 observational studies that found a mean BMI 
reduction of 11.8  kg/m2 (95% CI 9.7–13.9) 
1-year postsurgery and from 10 studies with 
a mean BMI reduction of 14.3  kg/m2 (95% CI 
11.5–17.2) at 5  years [15]. O’Brien and col-
leagues pooled adult studies with follow-up of 
up to 10 years [16]. Percent excess weight loss 
for all studies ranged between 42% and 79%. 
Percent excess weight loss was 53.0% (range 
43–55%) following RYGB at 10 years and 59% 
(a single study) following gastric banding [16].

Some of the most impressive long-term adult 
data come from the Swedish Obese Subjects 
(SOS) Study, an ongoing prospective, controlled 
intervention trial that has compared weight loss 
from bariatric surgery to similarly obese control 
participants not receiving MBS [17]. Twenty- 
year follow-up data are emerging. Compared 
to controls, MBS procedures were associated 
with clinically significant and durable weight 
loss [18]. Weight loss was greatest in the first 
2 years, with some weight regain in subsequent 
years, and stabilization at 8–10  years. Long-
term follow-up has shown that weight loss can 
be maintained for 15 and 20 years and a signifi-
cant survival advantage has been documented 
in those participants who underwent MBS. The 
mean changes in body weight after 2, 10, 15, and 
20 years were −23%, −17%, −16%, and −18% 
in the MBS groups and 0%, 1%, −1%, and −1% 
in the control group [18].

As utilization of MBS has increased for the 
treatment of severe obesity in adolescents, data 
on short- (<1  years), mid- (1–4  years), and 
long- term (+5  years) weight outcomes are now 
available. In 2013, a systematic review and meta-
analysis evaluated 1-year weight outcomes after 

adolescent MBS [19]. In total, 637 adolescents 
undergoing various bariatric procedures from 23 
studies were included. Mean preoperative BMI 
for all adolescents ranged from 38.5 to 60.2 kg/
m2 (mean 47.9 kg/m2). At 1 year, the mean BMI 
loss was −13.5  kg/m2 (95% confidence inter-
val −15.1 to −11.9). When examined by proce-
dure type, weight loss was greatest for RYGB 
(−17.2 kg/m2, 95% CI −20.1 to −14.3), smallest 
for AGB (−10.5 kg/m2, 95% CI −11.8 to −9.1), 
and intermediate for VSG (−14.5 kg/m2, 95% CI 
−17.3 to −11.7).

The percent BMI reduction in adolescents 
after surgery appears similar regardless of pre-
surgery BMI [20]. In a single-center cohort of 
61 adolescents undergoing RYGB, a mean BMI 
reduction of 37% was found, such that the mean 
nadir postoperative BMI at year 1 was 31, 38, 
and 47  kg/m2 for patients with starting BMIs 
between 40 and 54, 55 and 65, and >65 kg/m2, 
respectively. Baseline BMI accounted for 67% 
of the variance in BMI at 1 year following sur-
gery. These results suggest that initiating con-
sideration of surgery soon after the diagnosis of 
severe obesity may be an important factor if the 
goal is to achieve resolution of severe obesity 
postsurgery.

Results from mid- and long-term follow-
up studies in adolescents suggest that weight 
loss following MBS is durable (Table  20.2) 
[21–27]. In 2016, the 3-year outcome data for 
242 adolescents from 5 US centers who par-
ticipated in the Teen-Longitudinal Assessment 
of Bariatric Surgery (Teen-LABS) study were 
published [23]. The mean age of the cohort 
was 17 ± 1.6 years at baseline. Among 161 par-
ticipants undergoing RYGB, BMI decreased 
from 54 kg/m2 at baseline to 39 kg/m2 (28%). 
Among 67 participants undergoing VSG, BMI 
decreased from 50 kg/m2 at baseline to 37 kg/
m2 (26%). Among the 14 undergoing AGB, the 
least weight loss occurred with BMI decreas-
ing by only 8%. For all operations, the weight 
changes were greatest at 1  year and some 
weight regain was observed over the subsequent 
2 years. At 3 years, only 2% of the  participants 
who underwent gastric bypass and 4% of those 
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who underwent sleeve gastrectomy exceeded 
their baseline weight. At 3 years, 36% of Teen-
LABS participants undergoing AGB exceeded 
their baseline weight.

In 2017, 5- to 12-year follow-up data from 
the Cincinnati adolescent cohort were pub-
lished. Data from 58 adolescents undergoing 
RYGB were included [27]. Baseline age was 
17 years (range 13–21 years) and mean BMI was 
59 kg/m2 (range 41–87 kg/m2). All participants 
had severe obesity (BMI ≥  40  kg/m2) at base-
line. In the first year following RYGB, average 
BMI decreased by −23 ± 6 kg/m2, representing 
−39  ±  7% weight loss. At long-term follow-
up (8.0  ±  1.6  years after surgery), the average 
BMI reduction was −17  ±  8  kg/m2, represent-
ing −29 ± 14%; p < 0.01 weight loss from base-

line [27]. These data demonstrate that the great 
majority of the weight loss effect at 1  year is 
durable out to 8 years on average.

Outcomes of MBS have also been compared 
directly to intensive lifestyle-based weight man-
agement, with severely obese participants in both 
groups. AMOS (Adolescent Morbid Obesity 
Surgery; a Swedish nationwide study) showed 
81 adolescents (mean age 16.5  years) undergo-
ing RYGB had a mean BMI decrease of −13 kg/
m2 [26]. The nonsurgical comparison group 
of severely obese teens experienced a mean 
BMI increase of 3  kg/m2 over the 5-year study 
period. In contrast, when considering pediatric 
patients with moderate (not severe) levels of obe-
sity, data from randomized controlled trials and 
meta- analyses show intensive lifestyle interven-
tions conducted over 1 year are associated with 
a very modest mean BMI reduction of −0.29 
to −0.63 standard deviation scores [28–32] that 
is sustained when the intervention has stopped 
over 5–10  years of follow-up [33–35]. Slightly 
more weight loss can be attained with weight 
loss drugs in pediatric patients with moderate to 
severe obesity. In a recent meta-analysis, treat-
ment with sibutramine showed a mean BMI loss 
of −2.28 (95% CI −2.81 to −1.76), while orli-
stat showed a mean BMI loss of −1.67 (−3.52 
to −0.18) in adolescents when starting BMI was 
35–36 kg/m2 [36]. Unfortunately, sibutramine is 
no longer available for use due to the documented 
cardiovascular adverse event profile.

One randomized control trial of MBS has 
been conducted in adolescents. O’Brien et  al. 
compared conventional lifestyle interven-
tions (diet and exercise) to gastric banding. In 
50 adolescents, mean age 16.5  years, gastric 
banding at 2 years showed significantly greater 
weight loss (−34.6  kg, 95% CI, 30.2–39.0), 
representing an excess weight loss of 78.8% 
(95% CI, 66.6%–91.0%), compared to the 
lifestyle intervention where mean weight loss 
was 3.0  kg (95% CI, 2.1–8.1), representing 
excess weight loss of 13.2% (95% CI, 2.6%–
21.0%). Randomized trials comparing RYGB 
or VSG to lifestyle interventions have not been 
conducted.

Table 20.2 Weight loss outcomes in mid- and long-term 
adolescent metabolic bariatric surgery studies

References

Surgery, 
number of 
subjects

Length of 
follow-up

BMI 
reduction

Olbers  
2012 [21]

RYGB, n = 81 2 years ↓ 15.3 kg/m2

Schmitt 
2016 [22]

AGB, n = 16 2 years ↓ 7.6 kg/m2

Inge  
2015 [23]

RYGB, 
n = 161
VSG, n = 67
AGB, n = 14

3 years RYGB, 
↓15.1 kg/m2

VSG, 
↓13.1 kg/m2

AGB, 
↓3.8 kg/m2

Alqahtani 
2014 [24]

VSG 53 3 years ↓ 20 kg/m2

Alqahtani 
2016 [25]

VSG,
Age 
<14 years, 
n = 116,
Age 
≥14–21 years, 
n = 158

5 years Age 
<14 years, 
↓17.3 ± 2.5
Age 
≥14–
21 years, 
↓2.8 ± 14.6

Olbers  
2017 [26]

RYGB, n = 81
Controls, 
n = 80

5 years RYGB 
↓13.1 kg/m2

Controls 
↓3.3 kg/m2

Inge  
2017 [27]

RYGB, n = 58 8 years RYGB 
↓17 ± 8 kg/
m2

BMI body mass index, RYGB Roux-en-Y gastric bypass, 
VSG vertical sleeve gastrectomy, AGB adjustable gastric 
banding
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 Comorbidities of Obesity 
and Insulin Resistance

The primary rationale for the use of MBS in ado-
lescents is the potential to reverse serious health 
problems associated with severe obesity. One 
of the underlying metabolic abnormalities that 
may provide a link between obesity and multiple 
comorbidities is insulin resistance (IR). IR is a 
fundamental feature in the development of type 
2 diabetes. However, the associations between IR 
and dyslipidemia, hypertension, polycystic ovary 
syndrome, fatty liver disease, and sleep apnea 
have also become apparent (Fig. 20.2).

Evidence suggests that there is a strong 
homeostatic relationship between IR and pan-
creatic β-cell insulin secretion, such that indi-
viduals with IR compensate by enhancing insulin 
secretion in the fasting state and in response to 
a standard carbohydrate challenge, while lean 
individuals who are insulin sensitive demon-
strate lower insulin secretion in the same cir-
cumstances. Plotted graphically, this relationship 
resembles a hyperbolic curve, with variation in 
the population as indicated by smoothed percen-
tile curves (Fig. 20.3) [37–39]. Clinical investiga-
tions in adolescents by Elder et al. [38] and others 

have shown that, compared to adolescents who 
are lean and insulin sensitive, those with obesity 
exhibit greater IR (lower insulin sensitivity) and 
an accentuated insulin response to intravenous 
glucose challenge (acute insulin response to 
glucose [AIRg]; Fig. 20.3). Although the patho-
genesis of type 2 diabetes is multifactorial, high 
insulin secretion (e.g., high AIRg) in the setting 
of IR over time may be detrimental to β-cell func-
tion. In susceptible individuals with IR and high 
AIRg, progression to impaired glucose tolerance 
and ultimately fasting hyperglycemia is seen. 
Indeed, severely obese adolescents with type 2 
diabetes (Fig.  20.3, “DM”) demonstrated signs 
of β-cell failure with markedly impaired insulin 
secretion relative to their degree of IR.  While 
the metabolic characteristics of the three cohorts 
(Ln, Ob, and DM) depicted in the bottom left of 
Fig. 20.3 are derived from a cross-sectional study 
of adolescents who underwent intravenous glu-
cose tolerance testing [38], similar longitudinal 
studies in adult Pima Indians [40] strongly sug-
gest that an individual’s phenotype can change 
over time, as depicted in the dashed arrows.

To determine how IR and β-cell function are 
impacted by MBS in severely obese adolescents, 
we characterized the acute insulin response to 
glucose and insulin sensitivity using identical 
methods in the same clinical research unit as 
Elder et al. [38] The mean age of the 22 partici-
pants undergoing RYGB was 17  years, with a 
female-to-male ratio of 2:1. The mean BMI was 
61 kg/m2. Interestingly, at baseline (prior to sur-
gery), the severely obese adolescents who were 
preparing for MBS demonstrated low insulin 
sensitivity and relatively high AIRg, similar to 
the severely obese adolescents studied by Elder 
et al. in 2006 (Fig. 20.3, top right insert, “B” com-
pared to “Ob”) [39]. Over the 12-month period 
of study, during a mean 39% weight reduction, 
a threefold increase in insulin sensitivity was 
observed, along with a 59% decrease in the AIRg 
(Fig. 20.3, top right insert, “3” and “12”). This 
decrease in AIRg has been interpreted as evi-
dence that drastic reduction in IR after surgery 

Obesity

Type 2
diabetes

Cardio–
vascular

Sleep
Apnea

Fatty
liver

disease

Polycystic
Ovary

syndrome

IR

Fig. 20.2 The figure depicts the relationship between 
obesity and insulin resistance (IR) and graphically 
hypothesizes that IR may be a link between obesity and 
multiple comorbidities
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can result in reversal of the exaggerated insulin 
secretion, a condition referred to as β-cell “rest.” 
Graphically, this is seen as movement to a posi-
tion on the homeostatic curve very similar to that 
of lean, healthy adolescents (compare “Ln” to 
“12” in Fig.  20.3). We would hypothesize that 
these changes in metabolic phenotype in severely 
obese adolescents will result in a reduction in 
their risk of progression to type 2 diabetes over 
time; however, longer-term study will be needed 
to support or refute this hypothesis.

In addition to these findings demonstrating cor-
rection of metabolic dysfunction in severely obese 
adolescents undergoing surgery, evidence of the 
effect of MBS on multiple other clinical comorbid-
ities associated with adolescent obesity and insulin 
resistance is growing and is summarized below.

 Polycystic Ovary Syndrome

Polycystic ovary syndrome (PCOS) is the most 
frequent cause of female infertility with an esti-
mated prevalence of more than 10% in women 
of childbearing age [41]. Obesity-related insulin 
resistance and hyperinsulinemia play an impor-
tant role in the hyperandrogenism seen in PCOS 
[42]. A meta-analysis of the impact of MBS on 
PCOS showed the prevalence of PCOS decreased 
by nearly 40% at each study endpoint, with nearly 
50% improvement in menstrual irregularity and 
30% improvement in hirsutism [43]. Guidelines 
for the use of MBS for the treatment of PCOS are 
limited due to the limited data concerning the ame-
lioration of PCOS-associated symptoms such as 
menstrual abnormalities, hirsutism, and infertility. 
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Fig. 20.3 Relationship between insulin resistance and 
insulin secretion in adolescents with severe obesity, diabe-
tes, and after metabolic/bariatric surgery. The graphic 
uses population-based data to show the hyperbolic rela-
tionship between acute insulin response to glucose 
(AIRglucose) and insulin sensitivity, as described by 
Kahn [37]. The AIRg and insulin sensitivity data derived 
from lean (L; n = 13, BMI 22 kg/m2), obese (Ob; n = 13, 
BMI 34  kg/m2), and obese with type 2 diabetes (DM; 
n  =  16, BMI 37  kg/m2) undergoing frequently sampled 

intravenous glucose tolerance tests (fsIVGTT) by Elder 
et al. [38] were used to plot the relative positions of these 
cohorts on the population-based curves. The top right 
insert in the figure graphically depicts the metabolic phe-
notypes of a surgical cohort of adolescents with severe 
obesity who participated in longitudinal study conducted 
by Inge et  al. [39]. Square symbols show the metabolic 
position of the group before (“B”) and at 3 months (“3”) 
and 12 months (“12”) following RYGB surgery
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That said, to the extent that PCOS is fueled by IR, 
there is optimism that adolescent bariatric surgery 
should mitigate the pathophysiology of this condi-
tion, due to the significant reduction in IR consis-
tently observed following surgery [39].

 Nonalcoholic Fatty Liver Disease

Nonalcoholic fatty liver disease (NAFLD) is a 
continuum of disease ranging from hepatic steato-
sis alone to nonalcoholic steatohepatitis (NASH) 
to the most severe end of the spectrum with fibro-
sis and cirrhosis [44]. Obesity is a primary risk 
factor for NAFLD, and severely obese patients 
undergoing MBS may have NAFLD rates as high 
as 90% [44]. The key features of the pathogen-
esis of NAFLD are IR and dyslipidemia leading 
to excessive triglyceride deposition in the hepa-
tocytes [45]. Treatment for NAFLD is limited to 
weight loss with some data supporting the use of 
vitamin E, but there are no established guidelines 
for optimal medical or dietary interventions spe-
cifically targeting NALFD. Given the durability 
of weight loss and resolution of other associated 
comorbidities, there has been increasing interest 
in the use of MBS to treat NAFLD. Manco et al. 
have published the only controlled trial of bariat-
ric surgery for NASH in adolescents to date. Liver 
histology was examined prospectively before and 
6 and 12 months after VSG (n = 20) and lifestyle 
intervention (n  =  54). Reversal of NASH was 
seen in all patients who underwent surgery; how-
ever, improvement was not seen in those who did 
not undergo surgery. These data support current 
recommendations for use of MBS in adolescents 
with NASH with BMI values ≥ to 35 mg/m2 [13].

 Obstructive Sleep Apnea

Obstructive sleep apnea (OSA) syndrome is 
characterized by frequent episodes of apnea and 
hypopnea due to upper airway collapse, which 
can result in hypertension, increased cardiovas-
cular mortality, stroke, decreased quality of life, 
sleepiness, and morbidity associated with disor-
dered sleep [46]. The prevalence of OSA in bar-

iatric surgical candidates with a BMI ≥ 35 kg/m2 
ranges from 60% to 83% [46]. In addition, there 
appears to be a relationship between sleep apnea 
and insulin resistance, as clinically these patients 
have higher fasting glucose and insulin levels 
compared to age- and BMI-matched controls 
[46]. In a systematic review of 69 studies with 
13,900 patients, an average of 75% of patients saw 
at least an improvement in their sleep apnea after 
undergoing MBS [47]. Combined, these results 
are especially important, as the rate of adherence 
to continuous positive airway pressure therapy 
(CPAP)—first-line treatment for OSA—is 29% 
to 83% [48]. While results in severely obese 
adolescents are limited, resolution of OSA after 
MBS is nearly 100% over the period of follow-
 up [49]. In addition, when critically examined by 
Amin et al., the amelioration of OSA following 
VSG in a small cohort of adolescents was appar-
ent within weeks of the operation and occurred 
prior to major weight reduction [50]. These data 
suggest that neurophysiologic changes induced 
by surgery, rather than anatomic effects, could 
play a major role in the surgical treatment effect 
for OSA.

 Cardiovascular Risk Factors

Obesity is associated with multiple cardiovascular 
(CV) risk factors and direct effects on hemody-
namics and cardiovascular structure and function 
[51]. Increased serum concentrations of C-reactive 
protein and leptin seen in obese patients are inde-
pendently associated with insulin resistance and 
cardiovascular disease [52]. Moreover, insulin 
resistance and diabetes are associated with intra-
cellular lipid accumulation in the myocardium, 
which may lead to cell death [51]. As such, CV 
disease is one of the major causes of morbidity 
and mortality in obese patients. In a retrospec-
tive cohort study of nearly 10, 000 adults who had 
undergone gastric bypass surgery, with a mean 
follow-up of 7.1 years, long-term mortality from 
any cause decreased by 40% and mortality due to 
coronary artery disease decreased by 56% com-
pared to a nonsurgical control group [53]. Multiple 
CV risk factors, such as hypertension and dyslip-
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idemia, as well as cardiac structure and function 
have been shown to improve after MBS. Weight 
loss after MBS substantially improves and/or 
resolves hypertension in 37–53% of patients or 
reduces the need for antihypertensive agents in 
18–36% patients over an average follow-up of 
1–5  years [54]. As for dyslipidemia, a system-
atic review of studies with >2 years of follow-up 
demonstrated remission of dyslipidemia in 60.4% 
of patients after RYGB and 22.7% after AGB 
[55]. In terms of inflammatory markers, mean 
levels of C-reactive protein have been shown to 
decrease by 61.7%, from a baseline of 4.5 mg/L to 
1.7 mg/L, at a mean of 34 months after MBS [10]. 
In another systematic review by Aggarwal et al., 
MBS appears to have a beneficial effect on various 
indices of cardiac function, including decreased 
left ventricular mass and improved ejection frac-
tion [56]. Finally, after a median follow-up of 
14.7 years in the SOS study, patients with higher 
baseline insulin values had the greatest relative 
benefit from MBS in terms of decreased incidence 
of cardiovascular events (myocardial infarction 
and stroke) [18]. These results indicate that the 
degree of insulin resistance may predict the over-
all improvement in cardiovascular risk after MBS 
in adults. Data from adolescents also suggest 
improvements in left ventricular mass, cardiac 
workload, and diastolic function 1  year follow-
ing RYGB [57]. Additionally, the Teen-LABS 
consortium has shown remission of dyslipidemia 
and hypertension in 66% and 73% of adolescents, 
respectively, by 3  years postoperatively [23]. 
Similar results were also confirmed at 7 years fol-
lowing RYGB in adolescents, with remission of 
dyslipidemia and hypertension in 64% and 76% in 
the FABS-5 study [27]. Taken together, the 3- and 
7-year outcomes suggest that the impact of ado-
lescent bariatric surgery on reversal of risk factors 
for CV disease is both clinically significant and 
durable.

 Type 2 Diabetes

There are extensive data in adults demonstrating 
durable diabetes remission from 5 to 15  years 
after MBS [58–62]. However, variable defini-

tions of diabetes remission and inconsistencies in 
the control group make comparing results from 
study to study difficult. Regardless, these data 
make clear that MBS is an important tool in the 
armamentarium of diabetes treatment. As such, 
guidelines and recommendations from the sec-
ond Diabetes Surgery Summit support the inclu-
sion of MBS among antidiabetes interventions 
for people with type 2 diabetes and obesity [63].

RYGB and VSG have been associated with 
increased likelihood of diabetes remission over 
time compared to AGB [60]. Data from the SOS 
study showed that shorter diabetes duration 
at baseline was associated with higher diabe-
tes remission rates in surgery patients after 2, 
10, and 15 years of follow-up [58]. Older age, 
higher baseline HbA1c, and treatment with 
insulin or other diabetes medications at base-
line were associated with decreased likelihood 
of diabetes remission over a 5-year period in 
another cohort [60].

There are fewer data regarding remission 
in adolescents, but type 2 diabetes remission 
rates appear to indicate similar, if not greater, 
metabolic effectiveness of surgery when used in 
adolescents compared with similar operations 
in adults with type 2 diabetes [64]. In the Teen- 
LABS study, 19 of 20 participants with type 2 
diabetes at baseline remained in remission after 
3  years [23]. Furthermore, in the Follow-up 
of Adolescent Bariatric Surgery at 5+ Years 
(FABS- 5+) extension study, diabetes remis-
sion was seen in 7 out of 8 adolescents who had 
RYGB at a mean follow-up of 8 years and with 
no new incident diabetes cases [27]. Diabetes 
remission among adolescents undergoing MBS 
has also been compared to those receiving 
medical therapy. In a secondary analysis, 30 
Teen-LABS participants were compared to a 
subset of adolescents (n = 63) who participated 
in the Treatment Options for type 2 Diabetes in 
Adolescents and Youth (TODAY) study, a ran-
domized controlled trial evaluating the efficacy 
of metformin alone, metformin plus rosigli-
tazone, and metformin plus lifestyle modifica-
tion [65]. During the 2 years of follow-up, mean 
HbA1c concentration decreased from 6.8% (95% 
CI, 6.4%–7.3%) to 5.5% (95% CI, 4.7%–6.3%) 
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in Teen-LABS but increased from 6.4% (95% 
CI, 6.1%–6.7%) to 7.8% (95% CI, 7.2%–8.3%) 
in the TODAY study. Compared with baseline, 
the BMI decreased by 29% (95% CI, 24%–34%) 
in Teen-LABS and increased by 3.7% (95% 
CI, 0.8%–6.7%) in TODAY.  Additionally, the 
prevalence of hypertension, dyslipidemia, and 
 microalbuminuria decreased in Teen-LABS but 
increased in TODAY over the 2 years [65]. Thus, 
the understanding of the weight loss-independent 
beneficial effects of MBS continue to evolve and 
additional studies directly comparing medical to 
surgical treatment are needed.

 Summary

In conclusion, MBS is associated with signifi-
cant and durable weight loss in adolescents and 
adults. Additionally, MBS appears to improve 
obesity and insulin resistance, decreases β-cell 
hypersecretion associated with insulin resistance, 
and resolves or improves other associated comor-
bidities. While future work is needed to study 
long- term outcomes in adults after adolescent 
weight loss surgery, the current data support sur-
gery as an effective treatment in adolescents with 
severe obesity.
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