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 Introduction

Type 2 diabetes mellitus (T2DM) should be understood as the final common pathway 
that results from an imbalance between increased insulin resistance (i.e., decreased 
insulin action) and relative insulinopenia (i.e., impaired insulin secretion) [1].

There is consensus that for most patients with T2DM the earliest defect observed 
is insulin resistance. For many patients this is genetically determined, but a common 
acquired factor that worsens insulin resistance is obesity [2]. However, the relative 
contribution of acquired versus genetic factors is unclear and varies from patient to 
patient. At early stages, the pancreas is able to compensate for insulin resistance by 
increasing insulin secretion so that glucose tolerance is preserved. Thus, a state of 
normal glucose tolerance is maintained at the expense of hyperinsulinemia. Over 
time, and by mechanisms that are still incompletely understood, pancreatic β-cells 
fail to maintain this high rate of insulin secretion, and impaired glucose tolerance 
and overt T2DM develop [3].

In the current chapter, the mechanisms leading to insulin resistance and the spec-
trum of therapeutic approaches for patients with T2DM will be described.
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 Causes of Insulin Resistance: Acquired vs. Genetic

The interplay between acquired and genetic defects in the development and promo-
tion of insulin resistance is complex and incompletely understood [4–6]. Moreover, 
the relative contribution of each of these factors varies from case to case, and ranges 
from monogenic insulin resistance syndromes to fully-acquired cases in the setting 
of obesity.

Monogenic syndromes of insulin resistance are rare, but they have been consis-
tently reported in the literature in the last few decades [6]. Over 15 different cul-
prit genes have been identified including insulin receptor, peroxisome 
proliferator- activated receptor-γ (PPAR-γ), pericentrin, perilipin, protein kinase B 
(Akt2), etc. Of note, most single-gene causes of insulin resistance do not affect 
insulin signaling pathways, but adipose tissue function, inducing insulin resis-
tance only as a consequence of the dysfunctional adipose tissue. Other responsi-
ble genes identified are involved in DNA repair, but their link to severe insulin 
resistance has not been fully elucidated [6]. These genetic syndromes range from 
infantile fatal disease to mild insulin resistance in later life, and have been 
reviewed in depth elsewhere [7, 8].

As for the acquired defects, obesity has received significant attention, as it is 
commonly associated with insulin resistance [4, 5]. However, teasing out the contri-
bution of genetic factors from that directly attributed to obesity has been difficult. 
Moreover, the severity of obesity does not always correlate with the severity of 
insulin resistance, implying that there are other mechanisms that regulate the degree 
of obesity-related insulin resistance. Accumulating evidence suggests that the initi-
ating event of insulin resistance may not be the presence of obesity itself, but the 
presence of dysfunctional adipose tissue [4, 5]. This concept helps to explain why 
non-obese individuals with a family history of T2DM (i.e., with a genetic back-
ground) are insulin resistant long before the development of obesity [9]. Based on 
the same principles, the development of obesity (even in the absence of a genetic 
background) results in adipose tissue insulin resistance due to a distinctive fat dis-
tribution (favoring visceral accumulation, in contrast of subcutaneous adipose tis-
sue), but most importantly, due to the development of ectopic accumulation of fat in 
insulin sensitive tissues, such as the liver and skeletal muscle [4, 5]. Other common 
causes of insulin resistance include some medications and are described in Table 3.1 
[8, 10].

 Physiology of Insulin Resistance

 Adipose Tissue

As mentioned above, adipose tissue is likely the tissue where insulin resistance 
begins [5]. By molecular mechanisms that are beyond the scope of this article 
and that have been reviewed elsewhere [5, 11, 12], adipose tissue can become 
insulin resistant in the setting of obesity and/or genetic predisposition. As a 
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consequence of this, hormone-sensitive lipase fails to be inhibited by insulin, 
which results in increased rates of lipolysis. This, in turn, results in an oversecre-
tion of free fatty acids (FFA) into the circulation, where they can reach other 
organs promoting lipotoxicity [5]. The term “lipotoxicity” was originally intro-
duced by Unger [13] to describe the harmful effects of increased FFA levels on 
β-cell function. However, since its original use, the term lipotoxicity has attained 
a much broader meaning, and it is now applied to any deleterious effects of FFAs 
on tissues that would not normally be destined to store large amounts of lipids, 
such as the liver [14, 15].

In addition to FFA oversecretion, insulin-resistant adipose tissue is also charac-
terized by a pro-inflammatory phenotype [5, 12]. Adipocytokines, such as tumor 
necrosis factor (TNF)-α and interleukin (IL)-6 are secreted by dysfunctional adipo-
cytes and may contribute to insulin resistance in an autocrine, paracrine, and endo-
crine fashion. This consolidates a “closed loop” in which insulin resistance promotes 
inflammation, and inflammation reinforces insulin resistance. Reduced levels of 
beneficial molecules, such as adiponectin, have also been described in obesity and 
insulin-resistant states [16]. Moreover, there exists a closed cross-talk between adi-
pocytes and macrophages in the adipose tissue, further expanding the systemic 
impact of adipose tissue-derived inflammation [11, 12].

Table 3.1 Causes of insulin resistance

Genetic causes of insulin resistance
  Mutations in insulin receptor or insulin pathway
   1.  INSR [insulin receptor]—autosomal recessive (e.g., Donohue and Rabson Mendenhall 

syndromes)
   2.  INSR [insulin receptor]—autosomal dominant (e.g., type A IR and HAIR-AN 

syndromes)
   3. IRS-1
   4. Akt/PKB (e.g., Lipodystrophy with familial diabetes)
   5. Insulin receptor kinase inhibitor (PC-1)
  Mutations directly affecting adipose tissue function
   1. Genetic lipodystrophy (generalized or partial) (e.g., PPAR-γ, perilipin1, etc.)
   2. Genetically determined obesity (e.g., Alstrom syndrome)
  Mutations affecting DNA repair
   1. WRN gene (adult progeria or Werner syndrome)
   2. BLM gene (DNA helicase) (Bloom syndrome)
   3. ATM gene (ataxia-telangiectasia)
Acquired causes of insulin resistance
  Obesity ± sedentary life
  Increased plasma FFA (i.e., “lipotoxicity”)
  Hyperglycemia
  Subclinical/clinical inflammation
  Pregnancy
  Medications
   1. Highly active antiretroviral treatment (e.g., protease inhibitors)
   2. Glucocorticoids
   3. Nicotinic acid
   4. Atypical antipsychotics (e.g., olanzapine)
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 Liver

The liver receives FFAs from three different sources: adipose tissue lipolysis, diet, 
and de novo lipogenesis [14, 17]. Of these, adipose tissue lipolysis is the most 
important one, contributing with approximately ~60% of all FFAs in normal condi-
tions. In the setting of adipose tissue insulin resistance (increased lipolysis, as 
described above), the flux of FFA to the liver increases. When FFA supply surpasses 
the metabolic needs of the organ, the liver begins to accumulate them as triglycer-
ides, which results in hepatic steatosis [18]. In addition, increased hepatic FFA oxi-
dation leads to an incomplete oxidation, with the generation of lipid intermediates 
(e.g., ceramides and diacylglycerols) and reactive oxygen species (ROS) that pro-
mote hepatic insulin resistance and inflammation [18].

Hepatic insulin resistance translates into increased rates of hepatic glucose pro-
duction (HGP) and of very low density lipoprotein (VLDL) secretion, as insulin is 
unable to suppress them as under normal conditions [19, 20]. In turn, increased 
HGP promotes a compensatory hyperinsulinemia in order to maintain normal 
plasma glucose levels. However, such hyperinsulinemia turns to be deleterious as it 
increases the rate of intracellular de novo lipogenesis (DNL), further contributing to 
hepatocyte triglyceride accumulation.

Nonalcoholic fatty liver disease, defined as an intracellular triglyceride accumu-
lation greater than 5.5% in the absence of any secondary cause of steatosis (e.g., 
alcohol, drugs, viral hepatitis, autoimmune hepatitis, etc.), is increasingly common 
in patients with obesity and/or T2DM [17, 21–23]. It is closely linked to insulin 
resistance, and in some patients, it can progress to its more severe form known as 
nonalcoholic steatohepatitis (NASH), characterized by the presence of hepatic ste-
atosis combined with inflammation, necrosis, and /or fibrosis [21, 22]. In the absence 
of treatment, this liver condition may progress to cirrhosis and hepatocellular carci-
noma [21, 22].

 Skeletal Muscle

In the setting of this “lipotoxic” environment promoted by insulin resistance, skel-
etal muscle insulin resistance also develops, resulting in impaired insulin-stimu-
lated muscle glucose uptake. Several factors contribute to the development of 
insulin resistance in this tissue. For instance, increased plasma FFA levels pro-
mote intramyocellular steatosis and impaired insulin signaling. This is observed 
among healthy lean individuals, in a dose-dependent manner, when plasma FFA 
are experimentally increased during an intravenous lipid infusion [24]. This also 
occurs within 24–48 h after plasma FFA are just slightly increased experimentally 
to achieve plasma FFA levels typically observed in obesity [25, 26]. However, 
intramyocellular triglyceride accumulation per se appears not to play a role in the 
development of insulin resistance. Human studies report that athletes paradoxi-
cally have a high triglyceride content despite their normal (or above normal) insu-
lin sensitivity [27]. Thus, the current hypothesis is that insulin resistance-related 
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steatosis is characterized by accumulation of toxic lipid metabolites and pro-
inflammatory lipid intermediates that impair insulin signaling and are responsible 
for insulin resistance [27].

Chronic hyperinsulinemia, secondary to increased hepatic glucose production, 
can also promote insulin resistance by downregulating the number of insulin recep-
tors and their downstream signaling steps. An approximately 2 to 3-fold increase in 
plasma insulin levels causes skeletal muscle insulin resistance after a 72-hour insu-
lin infusion in otherwise insulin-sensitive individuals [28]. The combination of 
elevated FFA and hyperinsulinemia is the perfect storm for skeletal muscle insulin 
resistance, which in turn contributes to glucose intolerance.

 Pancreatic ß-Cells

In order to keep plasma glucose levels in the normal range in the setting of insulin 
resistance, a compensatory hyperinsulinemia is required, which results in a demand-
ing burden to the pancreatic ß-cells [29]. While ß-cells can keep up with the work-
load, glucose tolerance remains within the normal range. However, when this 
compensation fails, hyperglycemia develops. However, subtle defects in ß-cell 
function can be detected long before the development of frank hyperglycemia [29]. 
The underlying mechanisms responsible for this relentless decline in ß-cell function 
over time are incompletely understood. However, basic and clinical evidence sug-
gests that hyperglycemia (i.e., glucotoxicity) and chronic elevated plasma FFAs 
(i.e., lipotoxicity) play key roles in this progression [30–32].

In the setting of obesity and insulin resistance, ß-cells are forced to manage the 
FFA oversupply. In ideal conditions, this chronic increase of plasma FFA should 
enhance basal and glucose-stimulated insulin secretion. However, in predisposed 
patients (e.g., family history of T2DM) increased plasma FFA produces the opposite 
effect, inducing insulin secretion impairment and favoring the progression to T2DM 
[31]. These patients appear to have a genetically-determined reduced ß-cell adaptation 
to excess FFA supply. Once hyperglycemia develops, this generates a positive feed-
back, where hyperglycemia impairs ß-cell function, further perpetuating the increased 
plasma glucose levels [30].

 Management of T2DM

The management of T2DM requires a multidisciplinary approach, focused on life-
style modifications, as well as diabetes self-management education and support [33]. 
At center stage of this approach are nutrition therapy, physical activity, and smoking 
cessation counseling [33]. Health care providers should focus on how to optimize 
lifestyle in every patient with T2DM, as modest weight reductions have been shown 
to improve glycemic control and reduce the need for glucose-lowering medications 
[34]. Relatively modest reductions of body weight (of approximately 5%) are fre-
quently enough to observe beneficial effects in glycemic control, although weight 
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loss ≥7% are optimal and associated with further benefits on blood pressure, lipids, 
and NASH [33, 35].

While hypocaloric diets (~500–750 kcal/day energy deficit) should be strongly 
encouraged in patients with T2DM in order to achieve the desired weight reduction, 
diet composition appears to be of lesser importance [33]. A variety of different diets 
have proven to be effective, as long as total calorie intake targets are kept in mind. 
Therefore, diets should be individualized to patients’ preferences and needs. Foods 
higher in fiber and lower in glycemic load and added sugars should be emphasized 
(whole grains, vegetables, fruits, legumes, low-fat dairy, nuts, and seeds). Regarding 
physical activity, the American Diabetes Association recommends for most adults 
with T2DM at least 150  min of moderate-to-vigorous intensity aerobic physical 
activity per week. In addition, adults with T2DM should engage in 2–3 sessions/
week of resistance exercise on nonconsecutive days [33].

Nevertheless, reaching sufficient weight loss, and especially sustaining such 
reduction over time is challenging. Even in intensive intervention groups during 
well-controlled clinical trials (i.e., Look AHEAD) weight loss was only 4.7% after 
8 years of follow-up [34]. Weight loss medications (e.g., orlistat, lorcaserin, phen-
termine/topiramate ER, naltrexone/bupropion, liraglutide 3  mg) can be used as 
adjunctive therapy in patients with BMI ≥ 27 kg/m2. In addition, metabolic surgery 
should be considered in patients with a BMI ≥ 40 kg/m2 or ≥35 kg/m2 if hypergly-
cemia is not adequately controlled despite optimal therapy [33]. Several review 
articles have addressed the benefits and risks of metabolic surgery in the manage-
ment of T2DM [36, 37].

Due to the limitations of lifestyle modification to achieve hemoglobin A1c tar-
gets (<7% for most adults, but potentially <6.5% or <8% for selected individuals 
based on risk of hypoglycemia, life expectancy, comorbidities, etc.), pharmacologic 
treatment should be considered early-on in patients with T2DM [33]. In recent 
years, we have witnessed an exponential increment in our pharmacological options, 
with several new drug groups with distinctive mechanisms of action.

Briefly, glucose-lowering agents can be divided based on their mechanisms of 
action in the following groups: (a) drugs that mainly improve insulin resistance; (b) 
drugs that mainly improve insulin secretion; (c) drugs with an incretin-mimetic 
effect; and finally, (d) drugs that are glucose-lowering agents by inducing glycos-
uria. In this section, we will describe the mechanisms of action, best indications, 
side effects, and special considerations of each pharmacological agent.

 Insulin Sensitizers

 Metformin
Metformin is a biguanide that has been available worldwide for the prevention and 
treatment of T2DM for over 50 years. Its exact mechanism of action remains incom-
pletely understood, although it is clear that it decreases hepatic gluconeogenesis and 
improves insulin sensitivity at the level of the liver, and to a lesser extent, skeletal 
muscle [38]. There are several proposed molecular mechanisms for this drug: 
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inhibition of mitochondrial complex I, leading to a reduction in ATP synthesis with 
the consequent increase in AMP and AMP kinase activation; delayed glucose 
absorption in the gastrointestinal tract, inhibition of glucagon signaling and gluco-
neogenic enzymes, glucagon-like peptide (GLP)-1 secretion, and others [38]. 
Nevertheless, it is debatable whether these actions occur at physiological concentra-
tions or not. A recent study suggested that at the regular doses used in humans, 
metformin inhibited mitochondrial glycerophosphate dehydrogenase in rats, result-
ing in a reduction in the contribution of both glycerol and lactate to hepatic gluco-
neogenesis [39].

Given its proven efficacy, overall safety, and cardiovascular benefits, metformin 
has consolidated over time as the first line of therapy for patients with T2DM and is 
used at doses that range from 500 to 2000 mg daily [33]. It can be safely used in 
patients with an eGFR ≥30 mL/min/1.73 m2, but patients should be advised to stop 
the medication in cases of nausea, vomiting, dehydration, or before a contrast- 
enhanced computed tomography study. Metformin has also been associated with 
vitamin B12 deficiency, and therefore, periodic testing of vitamin B12 levels is now 
recommended [33]. It is usually well tolerated, although a minority may suffer 
metformin- associated gastrointestinal side effects. Most patients usually develop 
tolerance to these side effects and slow titration should be always recommended to 
help to avoid them. Only ~5% of patients are unable to tolerate metformin due to GI 
side effects. Other side effects, such as lactic acidosis and skin rashes are extremely 
rare [33].

 Thiazolidinediones (TZDs)
Currently, only two available drugs are included in this group: pioglitazone and 
rosiglitazone. While they both share the same main mechanism of action (i.e., per-
oxisome proliferator-activated receptor [PPAR]-γ agonism), they have important 
distinctive effects on lipid metabolism, as well as in the liver and cardiovascular 
system in humans [5, 17, 40, 41]. By activating PPAR-γ, these molecules improve 
insulin sensitivity mainly at the level of the adipose tissue, which leads to a reduc-
tion in adipocyte triglyceride breakdown (lipolysis) and in plasma FFA levels [42]. 
This, in turn, results in a reduction of lipotoxicity in other tissues, with the conse-
quent improvements in skeletal muscle and liver insulin sensitivity [43].

In 2007 it was claimed that rosiglitazone could potentially be associated with 
myocardial infarction and increased cardiovascular disease [44]. However, while 
the fear among primary care physicians remains, the FDA actually removed that 
black box warning some years ago, after finding that there was no evidence for that 
association. Moreover, several studies have shown that pioglitazone actually reduces 
the progression of cardiovascular disease and cardiovascular events in patients with 
and without T2DM [45–48].

Of particular interest, pioglitazone has consistently shown to improve hepatic 
steatosis and NASH in patients with and without T2DM [43, 49]. This is important 
as ~70% of patients with T2DM are believed to have nonalcoholic fatty liver dis-
ease, of whom ~50% may have the more severe form with inflammation and necro-
sis (i.e., NASH) [23]. In patients with T2DM and NASH, current guidelines suggest 
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that pioglitazone should be strongly considered early-on after metformin [21, 22]. 
This has also been embraced by the American Diabetes Association 2018 guidelines 
for patients with T2DM and NASH. Unlike pioglitazone, rosiglitazone did not show 
any significant liver histological benefit in patients with NASH [50], suggesting that 
pioglitazone may have additional mechanisms of action to improve liver histology 
other than the currently known classical PPAR-γ pathways.

Thiazolidinediones’ benefits (glycemic control, resolution of NASH, reduction of 
cardiovascular disease, and improvement of polycystic ovarian syndrome) should be 
weighed against the potential risks of this group of drugs. Fluid retention and periph-
eral edema may occur in ~7–10% of patients on TZDs, and this percentage increases 
when combined with insulin [42]. Several mechanisms are likely to contribute to this 
side effect, being enhanced renal water and sodium reabsorption probably the most 
important one. Thiazolidinediones can also increase heart failure symptoms in patients 
with pre-existing disease, and therefore, are contraindicated in patients with known 
heart failure. They also produce weight gain (in the range of 1–5 kg with chronic use), 
mild anemia, and a slight increase in bone fractures probably due to a reduction in 
bone mineral density. In 2011, pioglitazone was associated with bladder cancer [51]. 
Since then, several studies have tried to replicate those results in retrospective and 
prospective studies with varying results [52–54]. A recent meta-analysis has reported 
that out of the 23 epidemiological studies published to date, 18 showed no association 
between bladder cancer and pioglitazone, while those that have reported an associa-
tion were not confirmed in the same population in subsequent analysis, or either had 
a significant detection bias or patients on the TZD had significantly more risk factors 
for bladder cancer than the comparison group [55].

 Insulin, Insulin Analogues, and Insulin Secretagogues

 Insulin and Insulin Analogs
It is beyond the scope of this review to describe the pharmacodynamic and pharma-
cokinetic properties of the different insulin preparations, the most appropriate insu-
lin regimen for patients with T2DM, as well as the practical issues to starting or 
adjusting insulin dosing. We refer the reader to dedicated articles where they have 
been reviewed in-depth [56, 57].

Insulin analogs can be classified based on their distinctive half-lives: (a) rapid- 
acting analogs (e.g., aspart, lispro, glulisine, and inhaled insulin); (b) short-acting 
insulin (e.g., regular); (c) intermediate-acting insulin (e.g., human NPH); (d) long- 
acting analogs (e.g., glargine, detemir, and degludec); (e) concentrated insulins 
(e.g., glargine U-300, degludec U-200, NPH U-500) and (f) premixed insulin prod-
ucts (e.g., NPH/regular 70/30, 70/30 aspart mix, 75/25 lispro mix, 50/50 lispro 
mix). For most patients with T2DM, basal insulin alone is the most convenient ini-
tial insulin regimen, beginning with 10–20 IU daily or 0.1–0.3 IU/kg daily. However, 
many of these patients will require mealtime bolus insulin dosing with disease pro-
gression [33]. Rapid-acting analogs are preferred for bolus dosing due to their faster 
onset of action.
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The most common side effect of insulin is hypoglycemia, and special care should 
be paid to try to avoid them as much as possible, to reduce the risk of cognitive 
decline and other important deleterious outcomes. Another common side effect of 
insulin therapy are weight gain and peripheral edema. Less frequent side effects 
include: self-limited blurred vision (usually at the beginning of therapy, it is likely 
the result of a disbalance in the osmotic equilibrium between the lens and ocular 
fluids) or electrolyte disturbances most commonly observed during treatment of an 
acute decompensation as in diabetic ketoacidosis (e.g., hypokalemia, hypomagne-
semia, and/or hypophosphatemia). Dermatologic reactions to insulin can result in 
lipohypertrophy (as insulin is lipogenic) or lipoatrophy (probably immunologically 
mediated). The frequency of lipoatrophy has significantly reduced since the intro-
duction of biosynthetic human insulin, and can also be reduced by alternating the 
injection site. Less than 1% of patients may present with hypersensitivity at injec-
tion sites, with inflammation and/or subcutaneous nodules [33].

 Sulfonylureas
The main mechanism of sulfonylureas is to increase insulin secretion by binding to 
the sulfonylurea receptor (SUR1). They act by inhibiting the ATP-dependent K+ 
channel on pancreatic ß-cells [58]. As a consequence of this, ß-cells become depo-
larized, which produces an influx of calcium into the cytosol and insulin exocytosis. 
Of note, sulfonylureas induce insulin secretion independently of glucose levels, and 
they can therefore increase the risk of hypoglycemia [58].

They should be taken 30 min before meals and the typical starting dose should 
be low and up-titrated every 2 weeks if glycemic control has not been reached [33]. 
They should be given once or twice per day as they have a prolonged biological 
effect that lasts longer than their plasma half-life due to receptor interaction and 
active metabolites. Shorter-duration sulfonylureas, such as glipizide, are preferred 
due to lower risk of hypoglycemia [33].

While they are usually well tolerated, they still have significant side effects that 
should be considered. As mentioned above, the most common side effect is hypoglyce-
mia and these episodes can be even more frequent and serious in the elderly, under-
nourished, in the setting of alcohol abuse, or after exercise or a missed meal. They also 
produce significant weight gain. Other less common side effects include skin reactions 
such as erythema multiforme, exfoliative dermatitis, and photosensitivity. Abnormal 
liver function tests have also been observed. The most important deleterious aspect is 
their potential for increasing the risk of acute myocardial infarction, stroke, or death, 
compared with metformin or other agents [58–60].

The only advantage of this class of oral agents is their low cost. However, their 
risk of causing hypoglycemia is high, which combined with their potential to 
increase cardiovascular disease, makes them the least desirable option for the man-
agement of patients with T2DM.

 Meglitinides
Meglitinides (repaglinide and nateglinide) have a similar mechanism of action as 
sulfonylureas, but they use a different pancreatic ß-cell receptor. They are also 
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structurally different, and therefore they can be used despite sulfonylurea allergy. 
They have a rapid onset of action and short half-life. Like sulfonylureas, they should 
be administered with meals. Side effects include weight gain and hypoglycemia. 
Repaglinide is mainly metabolized in the liver, therefore it can be used safely in 
patients with chronic kidney disease [61]. However, the fact that they must be given 
with each meal (making adherence challenging), and that other agents may be more 
effective to lower postprandial glucose levels, has largely relegated this class of 
agents to an infrequent use.

 Incretin-Mimetics

 Glucagon-Like Peptide (GLP)-1 Receptor Agonists (GLP-1RAs)
The incretin effect is responsible for 50–70% of total insulin secretion after oral 
glucose administration, but it is absent if intravenous glucose is administered. One 
of such incretin hormones is GLP-1, which has a short half-life because it is quickly 
inactivated by dipeptidyl peptidase (DDP)-4. In addition to increasing insulin secre-
tion in a glucose-dependent manner, GLP-1RAs also suppress elevated glucagon 
levels, delay gastric emptying, suppress appetite, and induce weight loss [33]. 
Beyond their beneficial effects in glycemic controls, some members of this class, 
such as liraglutide [62] and semaglutide [63], have shown to reduce cardiovascular 
events, cardiovascular mortality, and even overall mortality. Similar results have not 
been reported with other GLP-1 agonists, such as lixisenatide [64] or long-acting 
once weekly exenatide [65], and therefore it remains unclear whether differences 
are attributable to the different populations studied or really unique properties of 
some GLP-1RAs in the class.

Glucagon-like peptide-1 agonists have become widely used in patients with 
T2DM and their metabolic effects have been quite consistent across studies. They 
are administered by subcutaneous injections and can be classified based on their 
half-lives in short-acting (exenatide twice daily [BID], lixisenatide once daily [QD]) 
or long-acting (liraglutide QD, albiglutide once weekly [QW], dulaglutide QW, 
semaglutide QW, and exenatide long-acting release QW) [33]. Among their side 
effects, nausea, vomiting, and diarrhea are probably the most common ones, but 
patients usually develop tolerance to them with chronic use. However, they are con-
traindicated in patients with gastroparesis. The risk of hypoglycemia is low as insu-
lin secretion is stimulated only if the plasma glucose levels are elevated [62]. These 
medications have been found to slightly increase heart rate, most likely as a reflex 
secondary to blood pressure reduction [33]. Injection site reactions, such as rash, 
erythema, or pruritus are frequent with these drugs. Patients may develop antibodies 
against the GLP-1 agonists, but the clinical significance of such antibodies is unclear 
(although more injection site reactions are observed in patients with positive anti-
bodies). In most cases, they appear not to affect efficacy of the drugs [33]. There has 
been some concern regarding the association of this group of drugs with pancreati-
tis, pancreatic cancer, and medullar thyroid carcinoma. However, studies have 
shown conflicting results regarding these associations, and therefore more research 
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is needed before final conclusions can be drawn. A recent meta-analysis that 
included 113 randomized controlled trials did not find an increased incidence of 
pancreatitis or of pancreatic cancer with GLP1-RA therapy versus comparator arms, 
but there was a small but significant greater risk of cholelithiasis (OR [95% CI] 1.30 
[1.01–1.68], P = 0.041) [66]. Of note, there have also been reports of GLP-1RAs 
resulting in significant improvements in patients with psoriasis [67]. While this 
awaits further confirmation in larger studies, a potential explanation for this effect 
comes from studies showing an overexpression of GLP-1 receptors in psoriatic 
plaques likely due to infiltration with immune cells [68].

 Dipeptidyl Peptidase (DDP)-4 Inhibitors
In the United States, this class of drugs includes saxagliptin, sitagliptin, linagliptin, 
and alogliptin. They inhibit DPP-4, the enzyme responsible for the degradation of 
GLP-1 (among other peptides), potentiating endogenous GLP-1 action on pancre-
atic β-cells. However, they are likely to have a broader spectrum of effects that are 
just now being better understood, as reviewed elsewhere [69]. While they share the 
incretin effect with GLP-1 agonists, they have several important differences with 
that drug group.

This class of oral medications leads to a modest improvement in hemoglobin 
A1c (~0.7% compared to decreases between 1.0 and 1.5% with other classes of oral 
agents or GLP-1RA) [33]. As DPP-4 is an enzyme expressed on most cell types and 
deactivates many different bioactive peptides in addition to GLP-1, its inhibition 
probably affects plasma glucose by different mechanisms [69]. They only show a 
modest effect on plasma GLP-1 levels when compared to GLP-1RAs. Unlike GLP- 
1RAs, they do not produce significant weight loss, and although they have proven 
to be safe from a cardiovascular standpoint, they have not shown any cardiovascular 
improvement like some GLP-1RAs [70, 71]. Moreover, in a large randomized con-
trolled trial with saxagliptin, there was a small but significant increase in hospital-
izations for heart failure [71]. This has not been found with other members of this 
class and it remains unclear if it is a real effect or not, as some observational studies 
have failed to observe such effect on heart failure with saxagliptin [33, 69].

This group of drugs have been usually very well tolerated and they have a low risk 
of hypoglycemia. They are popular among clinicians given their good safety profile, 
relative low-cost and that they all have been combined in a tablet formulation with 
metformin to improve patient adherence. The most commonly reported side effects 
are headache, nasopharyngitis, and upper respiratory tract infection [33]. While 
acute pancreatitis has been reported with these drugs, and there is some concern for 
pancreatic cancer, it is still unknown whether there is a causal relationship [33, 69, 
72]. There have been several reports of skin lesions with these drugs, including 
hypersensitivity reactions, angioedema, and blistering skin conditions (e.g., Stevens–
Johnson syndrome). Of note, use of a DPP-4 inhibitor in combination with an ACE 
inhibitor may further increase the risk of angioedema due to prolongation of brady-
kinin and substance P half-lives [33]. Linagliptin is the only member of the group 
that is primarily eliminated via the enterohepatic system, and therefore, it does not 
require dose adjustment for chronic kidney disease as the other drugs of the group.
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 Sodium-Glucose Cotransporter (SGLT)-2 Inhibitors

This group of drugs is composed of canagliflozin, dapagliflozin, and empagliflozin 
[33]. Their mechanism of action is inhibition of SGLT-2 transporters in the renal 
proximal tubule, promoting urinary glucose excretion. Their glucose-lowering effect 
therefore depends on the filtered glucose load (i.e., baseline hyperglycemia) [33].

In addition to their glucose-lowering effects, these drugs have shown to have a num-
ber of other beneficial metabolic effects. Both empagliflozin and canagliflozin have 
shown to reduce the composite primary outcome of death from cardiovascular causes, 
nonfatal myocardial infarction, or nonfatal stroke in large randomized controlled trials 
[73, 74]. Moreover, they both significantly decreased heart failure hospitalization com-
pared to placebo. While empagliflozin [73], but not canagliflozin [74], significantly 
reduced overall cardiovascular mortality, both had similar mean reductions despite dif-
ferent confident intervals [73, 74]. Additional benefits of these drugs are to reduce blood 
pressure, delay the progression of microvascular disease, and produce modest weight 
loss. These benefits occur despite a small increase in plasma LDL-C [73, 74].

As these drugs produce an osmotic diuresis, it is important to pay attention to the 
volume status of patients when starting these drugs and during follow-up [33]. They 
have been associated with orthostatic hypotension, dehydration, and/or acute kid-
ney injury. This is even more frequent in elderly patients or those concomitantly 
taking diuretics, ACE inhibitors or angiotensin receptor blockers (ARB) [75]. 
Potential hyperkalemia has also been observed. Because of this, use in elderly popu-
lations should be done with care [33]. Patients taking these medications are at 
increased risk of urinary tract infections (especially in women), acute balanitis or 
balanoposthitis, and vulvovaginal candida infections [75]. Among other less fre-
quent, but potentially more serious adverse events, there may be an increase risk of 
bone fractures, especially in patients taking canagliflozin [75]. While the mecha-
nism remains elusive, it is suspected that increased falls (due to volume depletion) 
may play an important role in this increase. However, reduced bone mineral density 
has also been reported [76]. Euglycemic diabetes ketoacidosis has also been reported 
in patients with T2DM on SGLT-2 inhibitors. This occurs mainly in patients with 
type 1 diabetes mellitus or T2DM concomitantly using insulin, after decreasing 
insulin doses due to better control when a SGLT-2 inhibitor is added or after pro-
longed fasting [77]. Canagliflozin has also been associated with increased amputa-
tion risk [74]. Patients on canagliflozin with a previous amputation, peripheral 
vascular disease, and/or neuropathy were at highest risk for amputation. At the cur-
rent time, it is unclear whether other members of this drug class can also lead to 
amputations. Dapagliflozin has been associated with bladder cancer, but it is 
unknown whether this is a causal association [78].

 Conclusions
Hyperglycemia in T2DM develops as pancreatic β-cells fail to meet the demands 
of chronic insulin resistance and acquired insults, such as obesity, in genetically 
predisposed subjects. As more drugs become available for the treatment of 
T2DM, health care providers are more frequently faced with the burden of mak-
ing decisions regarding the most appropriate medication for each patient. Due to 
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its safety profile, efficacy, low cost, cardiovascular benefits and long-term clini-
cal experience, metformin has consolidated as the first-line therapy for 
T2DM. The question remains what the best second line of therapy is. The results 
from recent large randomized controlled trials of diabetes medications showing 
cardiovascular risk reduction will make some GLP-1RAs (liraglutide, semaglu-
tide) and SGLT2 inhibitors (empagliflozin, canagliflozin) second-line therapy 
for patients with T2DM and proven cardiovascular disease. In patients with 
T2DM and NASH, pioglitazone will become the agent of choice given its benefit 
in this population. Ultimately, physicians must individualize care to the unique 
medical and social situation of each patient. However, optimizing therapy is a 
challenge when we do not routinely measure insulin resistance or insulin secre-
tion in our patients when we choose treatment. Doctors would probably benefit 
from understanding in each patient what is their predominant metabolic defect 
leading to hyperglycemia. Unfortunately, we basically choose treatment based 
on their cost, safety profile, and physicians’/patients’ personal preferences. A 
more targeted treatment approach will likely be beneficial in the future. The 
choices mentioned above based on liver or cardiovascular disease are a begin-
ning. Clearly, more work is needed to better tailor treatment in the future.
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