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Abstract

Type 2 diabetes mellitus is commonly associated with various comorbidities that
aggravate the disease’s overall impact on health. The most prevalent comorbidities
of diabetes include obesity, dyslipidemia, hypertension, cardiovascular conditions,
and kidney diseases. Incretin mimetics, also known as glucagon-like peptide-1
receptor agonists, mimic incretin hormones to stimulate insulin release in response
to food intake. These medications help lower blood glucose by increasing insulin
production, reducing glucagon secretion, slowing stomach emptying, and
promoting satiety. A key advantage of incretin mimetics is their ability to reduce
blood glucose levels without causing hypoglycemia, making them a safer option
for many patients. They also promote weight loss, which is particularly beneficial
for patients with both obesity and diabetes. Incretin mimetics are typically
administered once or twice daily and are often used in combination with other
treatments such as metformin or insulin. Evidence suggests that these drugs may
reduce the risk of heart attack and stroke, an important consideration given the
heightened cardiovascular risk in patients with diabetes. Additionally, incretin
mimetics may help preserve pancreatic beta-cell function, potentially slowing the
progression of diabetes. However, these drugs are costly and may be unaffordable
for low-income individuals. Commonly reported side effects include nausea,
vomiting, and diarrhea, which tend to decrease over time. While there have
been reports of pancreatitis, current research indicates that incretin mimetics do
not increase the risk of pancreatic cancer. Educating patients on proper use and
potential side effects is crucial to ensure safe and effective treatment with incretin
mimetics.
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1. Introduction

Type 2 diabetes mellitus (T2DM) is a chronic metabolic
disorder characterized by the progressive failure of
pancreatic beta-cells (B-cells) to meet the increased the
body’s increased insulin demand, resulting in relative
insulin deficiency and resistance to insulin action.! The
primary aim of T2DM management is to alleviate symptoms
of hyperglycemia and reduce the risk of microvascular
and macrovascular complications, such as nephropathy,
neuropathy, retinopathy, and cardiovascular disease.
Compared to the general population, individuals with
T2DM face a significantly higher risk of both fatal and non-
fatal cardiovascular events, which contribute to increased
mortality rates.? The treatment approach for T2DM typically
involves lifestyle modifications — such as diet and exercise
- along with oral antidiabetic medications and injectable
therapies. A strong correlation exists between the severity
of hyperglycemia, the metabolic dysfunctions characteristic
of T2DM, and vascular damage, all of which heighten the
risk of macrovascular complications. Consequently, the
development of medications that not only control blood
glucose but also address other metabolic risk factors
and improve cardiovascular outcomes is of high clinical
importance. Key factors contributing to the rising prevalence
of T2DM include obesity, aging, and genetic susceptibility.*

Insulin resistance, pancreatic -cell dysfunction, and
abnormal glucagon secretion are the key contributors to
T2DM progression. At present, T2DM is recognized as a
systemic disease in which chronic hyperglycemia causes
long-term damage, dysfunction, and failure of multiple
organs.* Effective management requires continuous
patient education on adopting and maintaining lifestyle
changes, with treatment plans tailored to each patient’s
comorbidities and cultural beliefs.” T2DM is primarily
characterized by insulin resistance in peripheral tissues -
such as skeletal muscle and adipose tissue - compounded
by pancreatic B-cell failure. The resulting hyperglycemia
increases the risk of microvascular complications and
cardiovascular diseases, which not only lower patients’
quality of life but also contribute to increased economic
burden and reduced life expectancy.

For obese patients, achieving stricter glycemic control
is necessary, as obesity is strongly associated with T2DM
pathophysiology and increased macrovascular risk.®
Medication, coupled with lifestyle changes, is essential in
managing the condition effectively. Obesity is a significant
risk factor in both the development and progression of
T2DM, as it exacerbates insulin resistance and impairs the
body’s ability to produce and effectively utilize insulin.”
Excess adipose tissue in obese individuals contributes to
chronic low-grade inflammation, which disrupts insulin

signaling pathways. This disruption in insulin sensitivity
leads to elevated blood glucose levels, increasing the
demand on pancreatic B-cells to produce insulin. Over
time, this strain can lead to B-cell dysfunction, further
complicating glucose regulation and worsening T2DM
progression. Consequently, obesity not only increases
the risk of developing T2DM but also accelerates its
progression and the onset of related complications, such
as cardiovascular disease, kidney failure, and neuropathy.
Obesity also complicates T2DM management, making
it challenging to control blood glucose through lifestyle
changes alone. Obese patients may require higher doses of
insulin or other medications to achieve optimal glycemic
control. In addition, obesity increases the likelihood of
comorbidities such as hypertension and dyslipidemia,
further heightening cardiovascular risk in patients with
diabetes. Therefore, implementing effective strategies to
manage obesity in diabetic patients is critical for preventing
and mitigating these complications.”®

Most T2DM treatments target various pathways but
are often associated with adverse effects, such as edema,
weight gain, hypoglycemia, and reduced insulin sensitivity.
However, emerging therapies targeting incretin hormones
have emerged as safer alternatives for managing T2DM.
The incretin pathway plays a crucial role in regulating
blood glucose levels, as it accounts for the majority of
insulin secretion by B-cells in response to oral glucose
intake.” Metformin remains the first-line treatment for
managing T2DM, particularly in overweight patients, and
is used in conjunction with lifestyle modifications and
measures to reduce cardiovascular risk. The American
Diabetes Association (ADA) recommends® a patient-
centered approach to guiding additional T2DM treatments,
considering factors such as cost, side effects, weight changes,
hypoglycemia risk, and drug efficacy. Add-on therapies
to metformin include thiazolidinediones, dipeptidyl
peptidase-4 (DPP-4) enzyme inhibitors, insulin, sodium-
glucose co-transporter 2 inhibitors, glucagon-like peptide-1
(GLP-1) receptor agonists (RAs), luminal glucosidase
inhibitors, dietary interventions, and sulfonylureas.'*!!

In this overview, we summarize the T2DM disease
process, its deleterious effects along with comorbidities, the
role of incretin hormones, and the development of incretin
mimetics as emerging treatment options. Various classes of
common incretin mimetic drugs—GLP-1 single, dual, and
triple RAs—are discussed, along with their indications and
reported side effects.

2. Incretin hormones

Incretin hormones, such as GLP-1 and gastric inhibitory
peptide (GIP), also known as glucose-dependent
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insulinotropic polypeptide, play a critical role in glucose
homeostasis by stimulating insulin release from pancreatic
fB-cells.!” These hormones are rapidly degraded by the
DPP-4. The “incretin effect” refers to the heightened
insulin secretion in response to oral glucose compared
to intravenous glucose — a phenomenon notably reduced
in patients with diabetes.”® This reduction is due to a
diminished capacity of GIP to induce insulin release,
possibly stemming from general f-cell dysfunction or
specific abnormalities in the GIP signaling pathway. This
decrease in incretin action contributes to impaired glycemic
control, particularly in regulating postprandial glucose
levels. In contrast, the insulinotropic effects of GLP-1
remain relatively preserved, allowing exogenous GLP-1 to
stimulate insulin release, inhibit glucagon secretion, and
lower plasma glucose during both fasting and postprandial
states.'* This understanding has propelled the development
of incretin-based glucose-lowering medications.

Incretin hormones secreted by the gastrointestinal
tract epithelium play a critical role in maintaining normal
glucose tolerance by preventing excessive postprandial
glucose spikes through glucose-dependent insulin
release. The incretin effect is dose-dependent, ensuring
stable postprandial glucose levels even as carbohydrate
intake varies.”® To assess the incretin effect, researchers
compare insulin responses to oral and intravenous glucose
administrations that produce similar glucose excursions.
Findings suggest that the incretin effect may account for up
to a fivefold increase in postprandial glucose clearance, as
evidenced by the differential glucose infusion requirements
needed to replicate the glucose levels induced by oral
intake."”

Oral glucose intake triggers the release of GIP and
GLP-1 from the gut, enhancing insulin secretion and
facilitating glucose disposal. This role of GIP and GLP-1
in enhancing insulin secretion explains why the incretin
effect is closely linked to carbohydrate intake.” The
amount of carbohydrates affects both incretin secretion
and the subsequent insulin response (Figure 1). In healthy
individuals, the incretin effect accounts for up to 70% of
insulin secretion in response to glucose intake. GLP-1, a
30-amino acid polypeptide, is produced by endocrine
L-cells in the mucosa of the distal small intestine and colon,
whereas GIP, a 42-amino acid polypeptide, is secreted by
endocrine K-cells located in the duodenum and upper
jejunum.’s

Glucagon-like peptide-1 is rapidly degraded by the
enzyme DPP-4, with a short half-life of approximately
1.5 minutes, while GIP has a slightly longer half-life
of around 7 min. Despite their ability to stimulate
insulin secretion, these hormones do not pose a risk

of hypoglycemia as their insulinotropic effects are
glucose-dependent, activating only at higher glucose
concentrations.'® GLP-1 improves insulin gene expression
and synthesis and has trophic and protective effects on
[-cells, while also suppressing pancreatic glucagon release
in a glucose-dependent manner. Conversely, GIP has been
shown to increase glucagon secretion. Both hormones
exert insulinotropic effects through G-protein-coupled
receptors on pancreatic 3-cells."”

Beyond their influence on the endocrine pancreas,
these incretin hormones play various roles in other
physiological systems. GLP-1 receptors are present in
several brain regions, where they are believed to stimulate
satiety, particularly when combined with GLP-1-induced
slowing of gastrointestinal motility through vagal
signaling, ultimately reducing food intake and aiding in
body weight control. GLP-1 also delays gastric emptying,
helping to attenuate postprandial glucose spikes. On the
other hand, GIP does not affect gastric emptying, and this
effect is specific to GLP-1 RAs, though repeated doses of
GLP-1 mimetics may reduce the gastric emptying delay."®

The enzyme DPP-4 plays a key role in glucose
metabolism by inactivating GLP-1 and GIP, thereby
diminishing their effects on insulin secretion and glucose
regulation, contributing to higher postprandial glucose
levels. DPP-4 inhibitors, such as sitagliptin, saxagliptin,
and linagliptin, are used in treating T2DM to inhibit DPP-4
activity, prolonging the action of GLP-1and GIP. This action
enhances insulin secretion and reduces glucagon levels in
a glucose-dependent manner, thus improving glycemic
control without significantly increasing hypoglycemia risk.
DPP-4 inhibitors are often used in combination with other
antidiabetic agents, such as metformin, and are generally
well-tolerated with minimal side effects."”

The GLP-1 receptor, a 463-amino acid protein with
eight hydrophobic domains, is expressed in tissues such
as the heart, kidneys, gut, pancreatic islets, stomach, and
lungs, with a highly conserved N-terminal extracellular
domain. On GLP-1 receptor activation, intracellular
calcium and cyclic adenosine monophosphate levels rise
rapidly, resulting in glucose-dependent insulin secretion.
However, DPP-4 quickly inactivates GLP-1, which has a
half-life of only 1 - 2 min. Specific amino acid modifications
at the C- and N-termini of GLP-1 also enhance receptor
engagement and resistance to DPP-4 degradation, thereby
prolonging GLP-1’s half-life and action.

Only a small fraction of circulating GLP-1 is
physiologically active. GLP-1 amide, a key secretory
product, represents the active form of GLP-1. Once in the
bloodstream, GLP-1 amide has a half-life of <2 min, as
it is rapidly cleaved by DPP-4 at positions 8 and 9. This
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Figure 1. Mechanism of the insulinotropic effects of glucose-dependent insulinotropic polypeptide and glucagon-like peptide-1. Reproduced from Al

Musaimi'?

cleavage produces a physiologically inactive N-terminally
truncated metabolite that does not bind to GLP-1 receptors.
Therapeutically administered GLP-1 and its metabolites
confer beneficial glucoregulatory and cardioprotective
effects, such as reducing oxidative stress in vascular
tissues, protecting P-cells, inhibiting gluconeogenesis,
and mitigating oxidative stress in hepatocytes. Both
GLP-1 and its metabolites influence vasodilation, enhance
cardiomyocyte viability, and support cardiac function. For
example, GLP-1 acts through a GLP-1 receptor-dependent
mechanism, while certain metabolites may act through
GLP-1 receptor-independent pathways in cardiovascular
tissues. Therefore, targeting GLP-1 receptor activation or
mitigating GLP-1 degradation offers various therapeutic
potential, particularly for cardiovascular health.?!

Research shows that GLP-1 receptors in the heart
contribute to myocardial protection. In addition, GLP-1
lowers free fatty acid concentrations in humans and
limits postprandial triglyceride increases. It also exhibits
diuretic and natriuretic effects by modulating renal Na*/
H* exchange, contributing to blood pressure reduction.?
Other roles of GLP-1 include promoting glucose uptake
in muscle tissues, reducing hepatic glucose production,
and offering neuroprotection effects. In patients with
T2DM, the incretin effect is significantly diminished,
which likely contributes to insufficient insulin release to
prevent hyperglycemia following oral glucose intake. The
attenuated incretin effect in T2DM may be attributed to
decreased postprandial secretion, reduced insulinotropic
potency, and a diminished insulinotropic action of GIP.*

3. Glucagon-like peptide-1 RAs

Incretin mimetics are hormone-like agents used in
conjunction with metformin and/or sulfonylurea drugs
for managing T2DM. In some cases, GLP-1 RAs are also
prescribed for obesity management. These agents mimic
incretin hormones, such as GLP-1, stimulating the pancreas
to produce more insulin by binding to GLP-1 receptors.
Examples include liraglutide, albiglutide, lixisenatide,
exenatide, semaglutide, and dulaglutide. While incretin
mimetics can be used alongside or as an alternative to insulin,
they are not intended to replace antidiabetic medications.
According to current consensus protocols from the ADA
and the European Association for the Study of Diabetes
(EASD), GLP-1 RAs should be used selectively after
metformin failure, especially in patients with atherosclerotic
cardiovascular disease or those at high cardiovascular risk,
even if cardiovascular disease has not been confirmed.*

The effects of GLP-1 RAs on fasting and postprandial
plasma glucose levels vary by formulation. Long-acting
GLP-1 agonists, such as dulaglutide, liraglutide, albiglutide,
and extended-release exenatide, primarily lower blood
glucose levels by enhancing insulin secretion and reducing
glucagon release. Short-acting GLP-1 RAs, like short-acting
exenatide and lixisenatide, primarily target postprandial
plasma glucose by delaying gastric emptying.”> GLP-1 RAs
are noted for promoting weight loss and present a lower risk
of hypoglycemia compared to other anti-hyperglycemic
drugs. These agents are resistant to degradation by DPP-4
but require subcutaneous administration due to low oral
bioavailability.*
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Incretin-based mimetics are also considered for
patients who have contraindications or intolerance to
metformin, or who have not achieved target glycated
hemoglobin (HbAlc) levels after 3 months of therapy.
This consideration is especially relevant for patients with
atherosclerosis, chronic kidney disease, or heart failure. In
addition, GLP-1RAs such as semaglutide and liraglutide are
approved for managing obesity in overweight patients with
comorbidities. However, high costs and tolerability issues
remain significant barriers to their widespread use.”” These
drugs have been shown to reduce total cholesterol, lower
systolic and diastolic blood pressure, and promote weight
loss by increasing satiety, thereby reducing caloric intake
through hypothalamic mechanisms.”® Cardiovascular
disease, particularly atherosclerotic cardiovascular disease,
is a leading cause of death among individuals with T2DM,
and GLP-1 RAs provide significant cardiovascular benefits,
including improved cardiac output, reduced infarction size,
and decreased risk for cardiovascular events. These drugs
also enhance left ventricular ejection fraction, myocardial
contractility, coronary blood flow, and endothelial
function.”

The most common adverse effect of GLP-1 RAs is
mild-to-moderate nausea, typically resolving within a few
weeks. Hypoglycemia, a common adverse effect of some
antidiabetic therapies, is rare with incretin mimetics,
generally occurring only when used in conjunction with
sulfonylureas. Notably, concurrent use of insulin and
incretin mimetics is not recommended.” Other potential
adverse effects include vomiting, diarrhea, and, in some
cases, acute kidney injury due to volume depletion.
Additional side effects may include headaches, infections,
moderate tachycardia, dyspepsia, and dizziness.* Injection-
site reactions, such as erythema and pruritus, are common,
particularly with longer-acting formulations. Some
patients may develop antibodies against specific GLP-1
RAs, reducing their effectiveness; for instance, exenatide
has been associated with a higher likelihood of antibody
formation when administered weekly rather than twice
daily. As a result, combination therapy with GLP-1 agonists
and DPP-4 inhibitors is generally not recommended due to
negligible glycemic improvement and an increased risk of
hypoglycemia.*

Glucagon-like peptide-1 RAs also reduce the formation
of oxidized low-density lipoproteins (LDL) and reactive
oxygen species (ROS), both of which contribute to
atherosclerosis.Inaddition, GLP-1RAsinhibittheactivation
of adhesion molecules and monocytes/macrophages in
response to oxidized LDL, further decreasing monocyte
accumulation in the vascular wall. GLP-1 agonists such as
exenatide and liraglutide stimulate endothelial nitric oxide

production, promoting vascular smooth muscle relaxation
and  endothelium-derived  vasodilation.””  Further,
lixisenatide and dulaglutide support the differentiation of
monocytes into less proinflammatory M2 macrophages.*
This activity reduces foam cell formation, limits necrosis
within atherosclerotic plaques, and prevents plaque
rupture. Semaglutide, in particular, has been found to
reduce intraplaque hemorrhage, thereby stabilizing
plagues and slowing their progression.* Renal benefits of
GLP-1 RAs include decreased urinary albumin excretion,
prevention of new-onset macroalbuminuria, and a slower
decline in estimated glomerular filtration rate (eGFR),
with these effects believed to contribute to favorable renal
outcomes by delaying the onset of macroalbuminuria.”

For patients with high cardiovascular risk or
established atherosclerotic cardiovascular disease, the
European Society of Cardiology (ESC) recommends
GLP-1 RAs or sodium-glucose cotransporter-2 inhibitors
as first-line therapy. Risk factors such as albuminuria,
eGFR < 60 mL/min, and left ventricular hypertrophy are
indicators of likely benefit from GLP-1 RAs. However,
despite ESC and ADA guidelines, the actual adoption
of GLP-1 RAs remains limited, largely due to their high
costs, injection requirements, and contraindications in
conditions such as pancreatitis, retinopathy, or medullary
thyroid cancer.® Increased glucagon secretion plays a
central role in the hyperglycemia observed in T2DM, and
GLP-1 RAs have proven effective in increasing insulin
secretion while inhibiting glucagon production, making
them a key therapeutic approach for T2DM, especially for
patients unresponsive to traditional therapies.”

4. Incretin mimetic classes

Incretin mimetics are broadly categorized into two
classes: Exendin-4 analogs and human GLP-1 molecules.
Exendin-4, a 39-amino acid peptide, exhibits 53% sequence
homology with human GLP-1.' The exendin-4-based
formulations include exenatide and lixisenatide, while
the human GLP-1-based molecules comprise dulaglutide,
semaglutide, albiglutide, and liraglutide. These medications
for T2DM offer significant therapeutic benefits, such
as delaying gastric emptying and inhibiting glucagon
production from pancreatic alpha cells during episodes of
elevated blood glucose. In addition, GLP-1 RAs promote
pancreatic B-cell proliferation and reduce b-cell apoptosis,
thereby enhancing insulin secretion and preserving B-cell
function over time.'**** Furthermore, beyond single RAs
(such as exenatide, liraglutide, dulaglutide, semaglutide,
lixisenatide, and albiglutide), dual RAs (such as tirzepatide)
and triple RAs (retatrutide) have been developed to target
multiple receptors, such as GLP-1, GIP, and, in some cases,
glucagon receptors. This multi-receptor targeting aims to
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improve blood glucose regulation and promote weight
loss.”!

4.1. Exenatide

Exenatide (Figure 2) is a GLP-1 RA used as a monotherapy
for T2DM in adults. This synthetic form of exendin-4,
originally isolated from the saliva of a Gila monster (a
venomous lizard species), has an amino acid substitution
at position 2, resulting in a structure with approximately
53% homology to native GLP-1. Exenatide mimics GLP-
I’s effects by binding to and activating GLP-1 receptors on
pancreatic B-cells, thereby stimulating insulin synthesis
and secretion. Administered through subcutaneous
injection, exenatide reaches peak plasma concentrations
within about 2 h due to its rapid absorption rate. With
a half-life of approximately 2 h, exenatide (marketed as
Byetta) requires twice-daily dosing, typically administered
1 h before the morning and evening meals for optimal
glycemic control.*’

An extended-release formulation of exenatide,
marketed as Bydureon, is available for once-weekly
dosing. Unlike the native GLP-1 hormone, exenatide
is resistant to degradation by the ubiquitous enzyme
DPP4 and is primarily cleared by the kidneys through
glomerular filtration. When used as an add-on therapy
to metformin, exenatide has demonstrated significant
improvements in glycemic control and reductions
in fasting plasma glucose concentrations. Although
extended-release exenatide is effective in T2DM
management, it lacks cardioprotective properties and
has relatively minimal effects on weight loss and HbAlc
compared to other GLP-1 RAs.*! Exenatide is generally
well-tolerated, with mild side effects, including nausea,
vomiting, diarrhea, and headache. However, it should not
be administered to patients with end-stage renal failure
due to its renal clearance.”

4.2, Liraglutide

Liraglutide (Figure 3) is an acylated analog of the human
GLP-1 hormone, designed to mimic the effects of GLP-1 in
regulating appetite and glucose metabolism. Marketed as
Victoza for T2DM and Saxenda for weight management,
liraglutide has about 97% structural homology with
native GLP-1 and is produced using recombinant DNA
technology. With a half-life of 13 h, it is administered once
daily. It has been shown to improve insulin sensitivity,
especially in patients with uncontrolled T2DM. The
GLP-1 peptide backbone in liraglutide includes a fatty-acyl
moiety, which confers resistance to DPP-4 degradation and
allows non-covalent binding to serum albumin, thereby
extending its half-life. The recommended starting dose
is 0.6 mg/day for 1 week, with weekly titration up to a
maximum of 1.8 mg/day. Liraglutide has been shown to
significantly decrease HbAlclevels, postprandial glycemia,
and fasting glycemia. In addition, it is linked to a decreased
risk of weight gain and hypoglycemia.*®

Liraglutide is indicated as an adjunct to diet and
lifestyle modifications to improve glycemic control in
patients with T2DM. When used concurrently with an
insulin secretagogue, consider reducing the dose of the
latter to mitigate hypoglycemia risk. Liraglutide has been
approved to reduce the risk of major cardiovascular events
and improve insulin sensitivity by upregulating glucose
transporter-4. In the muscle and liver, it activates AMP-
activated protein kinase, which enhances insulin sensitivity
and promotes glucose metabolism.*

Liraglutide also exerts beneficial effects on oxidative
stress and inflammation, contributing to improved
insulin sensitivity. It has positive effects on endothelial
and cardiac function, which are particularly relevant
in T2DN, where low-grade inflammation plays a role
in the disease’s pathogenesis and related complications,
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such as cardiovascular disease. In T2DM patients with
cardiovascular disease or at high risk, liraglutide treatment
lowers cardiovascular event risk.* It is also approved for
secondary prevention of cardiovascular disease. Beyond its
antidiabetic properties, liraglutide exhibits anti-apoptotic,
anti-inflammatory, antioxidant, and neuroprotective
effects, potentially making it useful in treating neurological
diseases. Notably, liraglutide can traverse the blood-brain
barrier. Its anti-inflammatory effects after intracerebral
hemorrhage are mediated by GLP-1 amide, a metabolite
generated through DPP-4 cleavage of liraglutide.*
Liraglutide further aids insulin sensitivity by suppressing
endogenous glucose production and glucagon release,”
while its effects on gastric emptying and appetite reduction
support weight management.

Victoza, a formulation of liraglutide for T2DM
management, is prescribed with an initial dose of
0.6 mg once daily, titrating to 1.2 mg and up to 1.8 mg
as needed. It enhances blood glucose control through
multiple mechanisms, including increasing insulin
secretion, reducing glucagon, slowing gastric emptying,
and promoting weight loss through appetite suppression.
Common side effects include nausea, vomiting, diarrhea,
and headaches, while more serious risks involve
pancreatitis and kidney injury. Victoza is contraindicated
in patients with a history of medullary thyroid carcinoma
or multiple endocrine neoplasia syndrome Type 2 due to
an increased risk of thyroid tumors.*

In addition to its use in diabetes management,
liraglutide is also available as Saxenda for long-term
weight management in patients with weight-related
conditions. Approved as an adjunct to a reduced-calorie
diet and increased physical activity, Saxenda is indicated
for individuals with conditions such as hypertension,
dyslipidemia, or obesity. Common side effects include
headache, constipation, heartburn, malaise, and localized
reactions at the injection site. Proper storage is essential:
unused pens should be refrigerated at 4-8 °C and protected
from light and heat, and they should not be frozen.*

4.3. Dulaglutide

Dulaglutide (trade name Trulicity) is a long-acting GLP-1
RA with two modified GLP-1 analogs connected to an Fc
fragment of human IgG4 (Figure 4). It is administered
subcutaneously once weekly, at any time of the day, with
or without food. The initial dose is 1.5 mg, with an option
to gradually increase to 3 mg as needed. Dulaglutide
has a half-life of 5 days, allowing for its weekly dosing.
Patients using dulaglutide alongside insulin should avoid
injecting it into the same area. It has demonstrated efficacy
comparable to other GLP-1 RAs and is associated with

improved glycemic control, as it lowers HbAlc, fasting
glucose, and postprandial glucose levels.”* In addition,
dulaglutide supports weight loss and improves pancreatic
[-cell function by promoting cellular regeneration, which
increases B-cell mass and prevents apoptosis in various cell
types, including muscle, lung, and pancreatic $-cells. These
regenerative effects help slow the progression of T2DM
and delay the need for insulin therapy.™

Dulaglutide also provides cardioprotective benefits,
including reductions in blood pressure and improvements
in lipid profiles, such as lowering LDL cholesterol. It has
been shown to increase the number of endothelial cells and
endothelial progenitor cells in peripheral blood, reduce
persistent inflammation, enhance endothelial function, and
ultimately boost arterial elasticity in patients with T2DM.
As a second-line therapy, dulaglutide is recommended in
addition to diet and exercise for patients who struggle to
achieve glycemic control with metformin monotherapy.
Dulaglutide has shown particular effectiveness in reducing
fasting plasma glucose compared to postprandial blood
glucose and acts through a glucose-dependent mechanism,
resulting in a minimal risk of severe hypoglycemia. Mild
gastrointestinal adverse effects, such as nausea, vomiting,
and diarrhea, may occur, typically worsening in the first
2 weeks but diminishing over time. No dose adjustments
are required in patients with renal or hepatic impairment
when administering dulaglutide.>"*

Beyond its role as an antidiabetic agent, a 2023 study
highlighted dulaglutide’s potential to protect against sepsis-
induced lung injury in mice.**%%sis can trigger the excessive
release of inflammatory mediators, including cytokines,
ROS, and reactive nitrogen species. Through the activation
of cyclic adenosine monophosphate/protein kinase A
and cyclic guanosine monophosphate/protein kinase G
signaling pathways, these reactive nitrogen species and
ROS can damage mitochondria, leading to mitochondrial
apoptosis.® Sepsis-related cardiac damage is also linked to
oxidative stress, primarily induced by elevated ROS levels.
Activation bylipopolysaccharides (LPS) markedly increases
oxidative stress in cardiac cells, as evidenced by heightened
nitric oxide generation and reduced glutathione levels.
Following dulaglutide treatment, markers of oxidative
stress are reduced, implying that dulaglutide may protect
cardiac cells from LPS-induced oxidative stress injury.
Two key markers of myocardial cell dysfunction, creatine
kinase-myoglobin, and troponins, are frequently employed
to evaluate acute myocardial infarction. LPS stimulation
markedly increases creatine-kinase myoglobin expression
in myocardial cells, confirming that LPS is a primary
factor in myocardial dysfunction. Dulaglutide significantly
decreased this dysfunction, suggesting a protective effect
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against sepsis-induced myocardial injury” In sepsis,

nitric oxide synthase overactivity leads to excessive nitric
oxide production, which, along with superoxide radicals,
forms peroxynitrite. Peroxynitrite interferes with cardiac
function by modifying cardiac load, downregulating
B-adrenergic receptors, impairing Type I calcium channel
function, and reducing the efficiency of the mitochondrial
electron transport chain complex in cardiac cells.”
Dulaglutide therapy drastically reduces nitric oxide
production and nitric oxide synthase expression induced
by LPS, indicating that dulaglutide may inhibit nitric oxide
synthase activation driven by inflammatory factors.*

4.4. Semaglutide

Semaglutide (Figure 5) is an acylated GLP-1 analog with a
modified amino acid structure. It is commonly marketed
under various names and formulations: Ozempic and
Wegovy as subcutaneous injections (at different doses
and strengths), and Rybelsus as an oral formulation.”
Semaglutide is prescribed as an adjunct to diet and exercise
for glycemic control in individuals with T2DM. In addition,
it is indicated to reduce the risk of major cardiovascular
events, such as non-fatal myocardial infarction and stroke,
in patients with a history of cardiovascular disease and
T2DM. No dose adjustment is necessary for patients with
renal failure or hepatic impairment when administering
semaglutide.®®

Wegovy is approved as a weight loss agent to be used
in conjunction with a reduced-calorie diet and increased
physical activity in individuals with obesity (body mass
index [BMI] 230 kg/m?) or overweight (BMI >27 kg/m?)
with at least one weight-related comorbidities. It is also
indicated for overweight or obese individuals with existing
cardiovascular disease at an increased risk of major adverse
cardiovascular events. The growing incidence of obesity
has made heart failure with preserved ejection fraction

the most common form of heart failure, with its onset and
progression significantly influenced by obesity and T2DM.
Patients with heart failure and preserved ejection fraction
(HFpEF)) are more likely to have T2DM individuals
without heart failure, and this association is linked to
worse hemodynamic and clinical outcomes, such as higher
symptom burden and reduced functional capacity. Few
effective treatment options exist for this population.®

Ozempic, a semaglutide-based GLP-1 RA, is indicated
for T2DM management, with dosing that begins at
0.25 mg weekly for 4 weeks, then increases to 0.5 mg,
and may reach 1 mg if needed for glycemic control.
Administered subcutaneously, Ozempic enhances insulin
secretion, suppresses glucagon release, and slows gastric
emptying, helping manage post-meal blood glucose spikes.
Its appetite-suppressing effects also contribute to weight
loss, making it particularly beneficial for overweight or
obese individuals with diabetes. Studies indicate Ozempic
effectively lowers HbA ¢, improves blood glucose control,
and supports weight loss.®

Semaglutide, a GLP-1 RA, promotes glucose-dependent
insulin release from pancreatic f-cells, inhibits excessive
glucagon secretion, and delays gastric emptying. Asa weight
loss agent, it acts as a physiological regulator of appetite,
reducing caloric intake centrally. While it influences
insulin secretion, delayed gastric emptying is thought to
play a larger role in regulating postprandial hyperglycemia.
Semaglutide has demonstrated excellent efficacy in
reducing weight and lowering blood glucose levels. Unlike
conventional GLP-1 RAs, semaglutide directly affects
the brainstem, hypothalamus, and lateral septal nucleus,
impacting central neurons,® and thus promoting weight
reduction. Semaglutide’s distinct anorexigenic mechanism
may explain its superior weight reduction effects compared
to other GLP-1 RAs. This weight reduction effect appears to
be independent of common gastrointestinal adverse events,
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such as nausea and vomiting.®* In addition, semaglutide
lowers LDL cholesterol but, like other GLP-1 Ras, does not
increase high-density lipoprotein cholesterol levels. The
inhibition of cardiovascular events may be attributed to
improved lipid metabolism, increased insulin secretion,®
and reductions in chronic systemic inflammation.*®
Semaglutide has also shown promise in improving fatty
liver by reducing triglycerides and significantly enhancing
liver function markers. It is metabolized through the
proteolytic breakdown of the peptide framework, followed
by B-oxidation of its fatty acid side chain, and is primarily
excreted through urine and feces.®*

Rybelsus, an oral formulation of semaglutide, offers
convenience in administration. It similarly delays gastric
emptying, aiding in the control of postprandial glucose
spikes. The starting dose is 3 mg daily for 30 days,
followed by an increase to 7 mg, with the option to go
up to 14 mg for additional glycemic control. Rybelsus
also promotes weight loss by reducing appetite.®® Due to
nutrient-drug interactions, Rybelsus should be taken on an
empty stomach, ideally on waking, with a small amount
of water, at least half an hour before any food, liquids, or
other oral prescriptions. While gastrointestinal adverse
effects are common with GLP-1 RAs, most individuals on
oral semaglutide tolerate it well. Counseling on potential
sensations of fullness or nausea can improve adherence, as
nausea often subsides over time.*

Recent publications®” indicate several new and, in
some cases, serious side effects of semaglutide, including
hyperemesis gravidarum,® psychiatric adverse events,”
biliary disease,”® pancreatitis,”’ appendicitis,”> bowel
obstruction,” gastroparesis,’ and elevated liver enzymes.”

4.5. Albiglutide

Albiglutide (Figure 6), a complex polypeptide, acts as a
GLP-1 RA and is commonly marketed under the trade
name Tanzeum. Available in 30 mg/pen and 50 mg/pen, it is
provided in a lyophilized state and requires reconstitution
before use. Albiglutide comprises two GLP-1 molecules
fused with human serum albumin, and it is administered as
a 30 mg subcutaneous injection once weekly. If the glycemic
response is insufficient, the dose can be increased to 50 mg
weekly. Albiglutide reaches peak plasma concentrations

in approximately 3 - 5 days, with a metabolism similar to
human serum albumin in the vascular endothelium and a
half-life of up to 5 days. Its mechanism includes slowing
gastric emptying and increasing glucose-dependent insulin
secretion. Compared to other GLP-1 RAs, albiglutide is
associated with fewer episodes of nausea, likely due to its
substantial molecular structure that prevents crossing the
blood-brain barrier.”®

Albiglutide is synthesized through recombinant DNA
technology, comprising two tandem repeats of a fused
30-amino acid sequence. With only one amino acid
alteration, the amino acid sequence of albiglutide closely
resembles endogenous human GLP-1, with this alteration
conferring resilience against DPP-4 degradation. The
fusion of two recombinant molecules with human serum
albumin effectively prolongs the plasma half-life of
albiglutide.”

Albiglutide may have cardioprotective effects by
reducing endoplasmic reticulum stress, modulating
autophagy, and promoting anti-inflammatory pathways.
The indirect beneficial effects of GLP-1 RAs on the
ventricles largely stem from their positive impact
on inflammation, endothelial function, and glucose
uptake, as GLP-1 receptor expression in ventricular
cardiomyocytes is relatively low. Furthermore, research
suggests that GLP-1 RAs modulate extracellular matrix
alterations, potentially attenuating cardiac remodeling
post-myocardial infarction. In heart failure, characterized
by calcium overload, GLP-1 RA therapy may modulate
cytosolic Ca** levels by inhibiting phosphorylation of
the ryanodine receptor 2 and blocking the activation of
calmodulin-dependent protein kinase II. Additionally,
GLP-1 mimetics demonstrate antioxidative properties,
preventing the generation of intracellular and
mitochondrial ROS in methylglyoxal-treated cells.”®”

Albiglutide is generally well tolerated, though rare
adverse events such as pancreatitis and hypersensitivity
reactions may occur. To prevent DPP-4-mediated
degradation, a Gly8Ala mutation was introduced at the
cleavage site of the GLP-1 molecule. Albiglutide employs
a unique approach: two DPP-4-resistant GLP-1 RA copies
are fused at the N-terminus, with the terminal arginine
linked to albumin to enhance stability.*
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Figure 6. Chemical structure of albiglutide. Reproduced from Al Musaimi'?

Volume 2 Issue 1 (2025)

doi: 10.36922/imo.4911


https://d.doi.org/10.36922/imo.4911

Innovative Medicines & Omics

Incretin mimetics in diabetes management

4.6. Tirzepatide

Tirzepatide (Figure 7) acts as a dual agonist, targeting both
the GIP and GLP-1 receptors. It is marketed as Mounjaro
for adults with T2DM to improve glycemic control and
as Zepbound for overweight adults with weight-related
comorbidities (T2DM, hypertension, and dyslipidemia).
By targeting multiple receptors, tirzepatide enhances
insulin secretion and reduces glucagon levels, contributing
to improved blood glucose management. In addition, it
aids in weight loss, which benefits individuals with obesity-
related health issues. The development of tirzepatide
involved introducing GLP-1 activity into the GIP sequence,

resulting in a balanced dual agonist. Tirzepatide exhibits
comparable affinity for the GIP receptor to native GIP
but binds to the GLP-1 receptor with about 5 times lower
affinity than native GLP-1.*' This higher GIP receptor
activity relative to GLP-1 receptor activity contributes to
its dose-dependent reduction in HbAlc.

Mounjaro simultaneously targets the GIP and GLP-1
receptors, promoting insulin secretion and inhibiting
glucagon release in a glucose-dependent manner. This
mechanism improves blood glucose control and reduces
post-meal glucose spikes. Treatment typically begins at
a dose of 2.5 mg once weekly for the first 4 weeks, after
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Figure 7. Chemical structure of tirzepatide
Notes: Pink: C20 fatty acid diacidic moiety. Reproduced from Al Musaimi'?
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which the dose can be increased to 5 mg once weekly.
Depending on individual patient needs and response,
the dosage may be further increased up to a maximum of
15 mg once weekly.®

Zepbound is prescribed alongside a calorie-restricted
diet and increased physical activity to aid weight
management in obese or overweight adults with at least
one weight-related comorbidity, such as hypertension,
dyslipidemia, T2DM, obstructive sleep apnea, or
cardiovascular disease. Zepbound is administered
subcutaneously, starting at 2.5 mg once weekly and
potentially increasing to a maximum of 15 mg once weekly
based on patient response and tolerance. The dual agonist
action on pancreatic B-cells promotes insulin production,
while GIP activity enhances white adipose tissue function.
In addition, signals of both receptor pathways in the brain
contribute to a stronger anorexigenic effect, supporting
both glycemic control and weight reduction.®’ The most
frequently reported side effects include gastrointestinal-
related events (nausea, diarrhea, and vomiting) and
decreased appetite.®* Some psychiatric adverse events have
also been noted.™

4.7. Lixisenatide

Lixisenatide (Figure 8), a GLP-1 RA, is commonly marketed
as Adlyxin. It is a peptide composed of 44 amino acids.
Similar to exenatide, lixisenatide is derived from exendin-4
but includes six additional lysine residues at its C-terminus,
replacing a proline residue. The C-terminal amino acid
(position 44) is amidated. Approximately 55% of lixisenatide
is bound to plasma proteins, and it binds to GLP-1 receptors
with an affinity up to 4 times higher than that of human

T

HO' 0

GLP-1. Following subcutaneous injection, lixisenatide is
rapidly absorbed, reaching peak plasma concentration in
about 2 h, with a half-life of approximately 3 h.*®

The primary elimination pathway for lixisenatide
is glomerular filtration. Cytochrome P450 isoenzymes
remain unaffected by lixisenatide. However, due to its
effect on delaying gastric emptying, lixisenatide may
slow the absorption of orally administered medications,
such as warfarin, ethinyl estradiol, and acetaminophen.
Caution is advised when administering lixisenatide with
medications that have a narrow therapeutic range, such as
warfarin, or with drugs that rely on precise dosing, such as
antibiotics. For drugs that require timely absorption, it is
recommended to administer them at least an hour before
lixisenatide. For oral contraceptives, the administration
should occur either 1 h before or 11 h after the lixisenatide
injection.”

Lixisenatide hasa prolonged half-life due to its exendin-4
backbone and is administered once daily at an initial dose
of 10 mcg via injection. After 2 weeks, the dose may be
increased to 20 mcg. Lixisenatide slows gastric emptying,
which significantly impacts postprandial glycemia. As
monotherapy, it effectively reduces HbA ¢, fasting glucose,
and postprandial glycemia. In animal studies, lixisenatide
administered peripherally has shown the ability to cross
the blood-brain barrier. Its elimination is thought to occur
through glomerular filtration, tubular reabsorption, and
metabolic catabolism, although the composition of its
metabolites and their possible mechanisms of action remain
unknown. Lixisenatide is linked to modest decreases in
body weight, a considerable reduction in HbAlc (0.5-1%),
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Figure 8. Chemical structure of lixisenatide
Notes: Blue: Differences from exenatide. Reproduced from Al Musaimi'?
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and decreases in postprandial and fasting plasma glucose.
Studies have shown that, for HbAlc reduction, lixisenatide
is non-inferior to twice-daily exenatide and is generally
well tolerated.®

The most commonly reported side effects of lixisenatide
are gastrointestinal symptoms, such as nausea, vomiting,
and diarrhea. These side effects are typically dose-dependent
and often diminish in intensity within the first 3 — 6 weeks
of treatment. Immunogenic effects have been reported
with lixisenatide; patients who develop anti-lixisenatide
antibodies may experience a slightly higher frequency of
allergic responses and injection site reactions compared
to those without antibodies. Routine antibody testing is
not required, but patients may consider switching to an
alternative antidiabetic therapy if they experience significant
glycemic control issues or persistent injection site reactions.”

When lixisenatide is introduced to existing regimens, such
asbasal insulin therapy or sulfonylurea treatment, adjustments
to all diabetes medications may be required to mitigate the
risk of hypoglycemia. Although mild-to-moderate renal
impairment does not necessitate a dosage adjustment, close
monitoring is recommended, as these individuals may be
more susceptible to adverse effects, such as dehydration,
which could deteriorate kidney function. Individuals with
severe renal impairment should be constantly monitored for
worsening renal function and a higher likelihood of adverse
events, especially gastrointestinal issues.®*#

4.8. Retatrutide

Retatrutide (Figure 9) is a novel investigational medication
designed as a triple-hormone RA, targeting the GLP-1,

GIP, and glucagon receptors. This unique mechanism
addresses both glycemic control and weight management,
making it particularly relevant in the treatment of obesity
and T2DM. Recent clinical trials have demonstrated
retatrutide’s potential to induce significant weight loss and
improve metabolic parameters in individuals with obesity
and T2DM. By acting on both glucose metabolism and
appetite regulation, retatrutide offers a promising avenue
for enhanced patient outcomes.***

In a Phase 2 clinical trial, retatrutide was administered
to participants with a BMI of 30 or higher, resulting in
substantial weight loss over 24 weeks. Participants receiving
retatrutide achieved an average weight reduction of 12 - 15%
compared to the placebo group. In addition, improvements
in glycemic control were observed, with reductions in
HbAIc levels and fasting plasma glucose. These trial results
indicate that retatrutide not only promotes weight loss but
also has a positive impact on associated metabolic disorders,
positioning it as a compelling option for patients with obesity
and T2DM.** The safety profile of retatrutide has been
generally favorable, with most adverse events being mild-
to-moderate in severity. Common side effects included
gastrointestinal symptoms such as nausea, diarrhea, and
abdominal pain, which typically resolved with continued
treatment. Notably, the incidence of hypoglycemia was low,
a significant advantage over some existing therapies for
T2DM. Although long-term safety and effectiveness are still
under investigation, initial findings suggest that retatrutide
may become a valuable addition to the therapeutic option
for obesity and T2DM, potentially improving patients’
quality of life and metabolic health.”
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Figure 9. Chemical structure of retatrutide. Reproduced from Caturano et al.**
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5. Conclusion

Diabetes  management focuses on  alleviating
hyperglycemia symptoms and reducing the risk of long-
term microvascular and macrovascular complications,
such as diabetic nephropathy, neuropathy, retinopathy,
and cardiovascular effects. There is a growing demand
for medications that not only regulate hyperglycemia but
also address additional metabolic risk factors to improve
cardiovascular outcomes. The primary causes of T2DM
include insulin resistance, pancreatic f3-cell dysfunction,
and excessive or inappropriate glucagon secretion.
The rising prevalence of T2DM can be attributed
to obesity, aging, genetic susceptibility, and diverse
demographic factors. This chronic condition contributes
to both microangiopathy and macroangiopathy, thereby
heightening the risk of cardiovascular disease, which
leads to increased economic burden and reduced life
expectancy.

Obese patients with T2DM require stricter glycemic
control and weight management strategies, as obesity is
a significant risk factor for both the pathophysiology of
T2DM and associated macroangiopathy. Pharmacological
interventions, in combination with lifestyle modifications,
such as diet and exercise, can effectively manage both
obesity and T2DM. GLP-1 RAs have emerged as valuable
therapeutic options for T2DM patients, as they target
multiple pathophysiological mechanisms of the disease.
These agents reduce glucagon secretion, slow gastric
emptying, and enhance glucose-dependent insulin
secretion, while also suppressing appetite and promoting
weight loss. The central and peripheral effects of GLP-1
RAs contribute to reduced food intake, enhanced insulin
sensitivity, and improved pancreatic -cell function.

While GLP-1 RAs offer substantial therapeutic benefits,
including improved glycemic control, reduced HbAlc,
and decreased fasting and postprandial glucose levels;
they are associated with certain side effects. Common
adverse reactions include gastrointestinal symptoms
such as vomiting, diarrhea, and nausea, which may lead
to acute kidney injury due to volume depletion. Other
possible side effects include headaches, infections, mild
tachycardia, dyspepsia, and dizziness. Erythema and
pruritus at the injection site are frequent, particularly with
longer-acting agents in this drug class. Immunogenicity,
including antibody development against specific GLP-1
RAs like exenatide, may reduce the drug’s efficacy and, in
rare cases, lead to anaphylaxis or injection site reactions.
Contraindications for GLP-1 RAs include pregnancy,
hypersensitivity, and certain gastrointestinal conditions
such as gastroparesis and inflammatory bowel disease.
Recent reports also suggest that GLP-1 monotherapy may

increase the risk of new-onset non-proliferative diabetic
retinopathy and diabetic macular edema.”'®

The use of incretin mimetics in managing T2DM,
obesity, and related metabolic disorders offers a promising
potential, particularly when used in combination with
nutraceuticals, lifestyle modifications, and dietary
interventions that enhance physiological responses.'"!
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