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Background: Type 2 diabetes (T2D) is a global health crisis, currently affecting over 540 million
individuals. Its prevalence continues to rise due to aging populations, sedentary lifestyles, and un-
healthy diets. T2D accounts for approximately 90-95% of all diabetes cases and is a leading cause
of cardiovascular and metabolic morbidity. Incretin hormones—glucagon-like peptide 1 (GLP-1)
and glucose-dependent insulinotropic peptide (GIP)—play essential roles in glucose homeosta-
sis, insulin secretion, and metabolic regulation. Their dysfunction significantly contributes to the
pathophysiology of T2D.

Objective: This review aims to provide an updated synthesis of incretin hormone biology, em-
phasizing GLP-1 and GIP mechanisms in glucose regulation, g-cell function, and their therapeutic
potential in T2D.

Methods: Relevant studies from 2000 to 2024 were reviewed from databases including PubMed
and Scopus, focusing on incretin physiology, receptor signaling, therapeutic applications, and
mechanisms of secretion.

Results: GLP-1 and GIP stimulate glucose-dependent insulin release, reduce glucagon levels, de-
lay gastric emptying, and contribute to satiety and cardiovascular benefits. Incretin-based thera-
pies—including GLP-1 receptor agonists and DPP-4 inhibitors—demonstrate significant benefits
in glycemic control, though limitations such as g-cell resistance and modest cardiovascular out-
comes in some agents persist. Dual receptor agonists like tirzepatide show improved metabolic ef-
fects. Recent insights into nutrient sensing pathways and enteroendocrine activation offer promis-
ing therapeutic directions.
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Conclusion: Advancements in incretin therapy have transformed T2D treatment. Future strate-
gies should target p-cell resistance, leverage dual agonists, personalize therapies, and develop
pharmacologic methods to mimic the hormonal profile of bariatric surgery.

1. Introduction

Type 2 diabetes mellitus (T2DM) is a global health challenge, affecting over 540 million adults worldwide and accounting for
nearly 90-95% of all diabetes cases. The International Diabetes Federation (IDF) projects that this number will rise significantly in the
coming decades, driven by urbanization, sedentary lifestyles, and unhealthy dietary habits.! T2DM is not only associated with chronic
hyperglycaemia but also contributes to a wide array of complications, including cardiovascular disease, neuropathy, nephropathy,
and retinopathy, imposing a significant socio-economic burden.? T2DM is characterized by a range of dysfunctions, including insulin
resistance, diminished insulin action in the liver, impaired adipocyte function, impaired glucose absorption in muscle, and finally,
complete dysfunction of the pancreatic f-cells.®> A plethora of new drug classes have emerged in the past two decades to treat high
blood sugar in T2DM.* The multi-targeted strategy to managing this worldwide health crisis has also made room for a number of novel
agents, some of which have the ability to rehabilitate diabetes. The term "incretin" is currently used in the field of gastrointestinal
endocrinology to describe two specific gut hormones: GIP (formerly "gastric inhibitory polypeptide," later renamed "glucose-dependent
insulinotropic polypeptide") and GLP-1 (formerly "glucagon-like peptide 1," now in its compressed form).> The creation of incretins,
hormones secreted by enteroendocrine cells after the consumption of vitamins and minerals, initiates the production of glucose-
dependent insulin from f-cells.® One is glucose-dependent insulinotropic polypeptide (GIP), while the other is glucagon-like peptide-
1 (GLP-1). More specifically, glucagon-like peptide-1 (GLP-1) has been in the spotlight as a possible building block for medications
that lower blood sugar and encourage weight loss. GLP-1RA was approved for the treatment and prevention of type 2 diabetes and
obesity because of its effects on increasing insulin secretion, decreasing hunger, and cutting calorie consumption.” Additionally, GLP-
1 reduces hunger, slows stomach emptying, and inhibits glucagon synthesis via its links to the central nervous system. Because it
triggers a glucose-dependent drop in blood sugar, the incretin effect is helpful in controlling type 2 diabetes in both cases. The incretin
hormone family includes the glucagon-like peptides GLP-1 and GLP-2, as well as the glucose-dependent insulinotropic polypeptide
(GIP).8 These incretin hormones are secreted from the gut in response to nutrient intake and enhance insulin secretion in a glucose-
dependent manner, helping to lower postprandial blood glucose levels. GLP-1 also slows gastric emptying, suppresses glucagon
secretion, promotes satiety, and exhibits cardioprotective effects. GIP primarily stimulates insulin release and plays a role in lipid
metabolism. Together, these hormones are critical regulators of glucose homeostasis and energy balance, making them key targets in
the management of T2D (10.1016/j.cmet.2016.06.009. 10.1111/jdi.12466.) . Many physiological processes rely on these peptides,
which are secreted by enteroendocrine L and K cells. These functions include glucose homeostasis regulation, lipoprotein breakdown,
and fat buildup.® In addition to helping with blood sugar levels, there is some evidence that they may also reduce inflammation. One
possible way people can protect themselves against diabetes-related complications is by lowering the body’s inflammatory response. '’
Xenatide QW (Bydureon), Lixisenatide (Lyxumia), Albiglutide (Eperzam), Dulaglutide (Trulicity), Liraglutide (Victoza), and a variety
of other GLP-1 receptor agonists are currently available for use. Crucial to glucose control, insulin secretion, and general metabolic
health are incretin hormones, especially glucagon-like peptide 1 (GLP-1) and glucose-dependent insulinotropic peptide (GIP). The
role of incretins in glucose homeostasis and the development of type 2 diabetes (T2D) has become increasingly important since
their discovery.'! With a focus on their many functions in glucose metabolism, beta-cell function, and cardiometabolic health, this
overview delves deeply into the history of incretin research. We talk about the therapeutic potential of GLP-1 and GIP for the
management of type 2 diabetes, as well as their physiological mechanisms in controlling appetite, insulin secretion, and cardio-
protection.'? Our attention is particularly drawn to the processes of incretin secretion, the difficulties of f-cell resistance, and the
potential therapeutic uses of incretin-based medicines such as GLP-1 receptor agonists and DPP-4 (Dipeptidyl Peptidase-4) inhibitors,
which prevent enzymatic degradation of incretins to prolong their action. Also discussed are the receptors’ roles in incretin release,
the luminal components, and the several sensing pathways.'?''® In recent years, dual incretin receptor agonists targeting both GLP-1
and GIP receptors have emerged as a promising therapeutic strategy for Type 2 diabetes (10.1038/nrneph.2017.123.). Tirzepatide,
the first-in-class dual GIP/GLP-1 receptor agonist, has demonstrated superior glycaemic control and weight loss compared to GLP-1
receptor agonists alone. It mimics the effects of both incretins, enhancing insulin secretion, suppressing glucagon, delaying gastric
emptying, and improving metabolic flexibility( 10.1016/j.neuropharm.2017.12.031.) . Clinical trials such as the SURPASS series have
reported significant reductions in HbAlc and body weight with tirzepatide, making it a major advancement in incretin-based therapy
(10.1016/j.eclinm.2024.102782.). Its ability to harness the complementary actions of GIP and GLP-1 represents a novel approach in
overcoming limitations of monotherapy and g-cell resistance in T2D management (10.1159/000475731. 10.1007/164_20159.) . A
comprehensive literature search was conducted using electronic databases including PubMed, Scopus, Web of Science, and Google
Scholar. This review study concludes by outlining the most recent therapeutic options that aim to target the incretin axis. These
include employing GLP-1 mimetics, mimicking bariatric surgery, and developing new methods to overcome f-cell resistance. Through
a comprehensive analysis of existing research, this review sheds light on the successes and setbacks of incretin-based therapeutics,
offering guidance for where the field may go from here. Fig. 1 shows the PRISMA flowchart.
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Fig. 1. PRISMA flowchart.

2. The Role of Incretins in Glucose Homeostasis
2.1. Discovering Incretins to Insulinotropic Insights

Bayliss and Starling found secretin in 1902; it was the first hormone found to regulate exocrine production from the pancreas.
Hormones were thought to regulate metabolism as well. After insulin was discovered, researchers began to speculate that incretins
could play a role in regulating insulin production, similar to how excretins regulate exocrine function. However, it was discovered
by von Mering and Minkowski in 1889 that intestinal factors regulated pancreatic endocrine secretion. Along with other researchers,
they looked at how intestine extracts and secretin formulations affected blood sugar levels'-2. In 1932, Belgian scientist Jean La Barre
was the first to discover the hormone called "incretin" in the digestive tract. It stimulates the pancreatic endocrine glands to release
insulin and other hormone-like substances. He also mentioned that these incretins could be used to treat diabetes mellitus®:#. The
year 1960 saw the greatest leap forward in biomedicine, especially in endocrinology. It changed everything and reignited people’s
interest in incretin. It was Yalow and Berson’s creation of the radioimmunoassay (RIA)°. In 1932, the term "incretin" was initially
used to describe chemicals secreted by the intestinal mucosa in reaction to eating that were found to reduce blood glucose levels.
John C. Brown was the first to identify GIP in dogs in 1970. Originally called "gastric inhibitory polypeptide," this hormone blocks
the secretion of stomach acid. After the insulinotropic function of the protein was shown in humans three years later, a suggestion
was made to rename the acronym GIP to glucose-dependent insulinotropic polypeptide®.

2.2. GLP-1 and GIP Regulate Glucose, Beta Cell Function, and Cardiometabolic Health

Both GIP and GLP-1, the two primary incretins, have distinct yet complementary biological roles. Both GLP-1 and GIP stimulate
insulin release from pancreatic beta cells through a glucose-dependent mechanism. Their ability to prevent hypoglycemia is enhanced
when blood glucose levels are higher, suggesting that they have a stronger insulinotropic effect. This reaction is crucial for keeping
blood sugar levels stable after eating.” GLP-1 inhibits glucagon secretion by pancreatic alpha cells. Hormone glucagon typically raises
blood glucose levels by promoting glucose production in the liver. GLP-1 reduces glucagon levels, which in turn lowers blood glucose
levels; this effect is most pronounced after eating.® Reduced gastric emptying due to GLP-1 controls the rate of glucose release into the
bloodstream. One way to control one’s weight is to wait eating until after a meal. This helps with glycaemic regulation and making
you feel full.® People report feeling better and eating less after taking GLP-1 because of its effects on the central nervous system. A
positive side effect of GLP-1 receptor agonists used to treat obesity and type 2 diabetes is their anorectic effect, which aids in weight
control.'® Proof that GLP-1 promotes beta cell proliferation and inhibits cell death has been found. This has the potential to improve
the number and function of beta cells in type 2 diabetics, which might help with blood glucose control in the long run. New evidence
suggests that GLP-1 can improve endothelial function, reduce blood pressure, and reduce inflammation, all of which contribute to its
cardioprotective effects. Managing cardiovascular disease in people with type 2 diabetes is greatly impacted by these impacts.'!

2.3. Glucose Regulation, Appetite Control, and Cardioprotection: GLP-1 Physiology

A key function of GLP-1 is to increase glucose-dependent insulin synthesis from pancreatic beta cells. This reduces hypogly-
caemia risk since GLP-1 only boosts insulin release in response to high blood glucose'2. GLP-1 inhibits pancreatic alpha cell glucagon
secretion. Glucagon increases blood sugar via stimulating hepatic gluconeogenesis and glycogenolysis'>. GLP-1 prolongs stomach
emptying, allowing nutrients to enter the circulation. Satiety decreases food intake and regulates postprandial blood glucose levels'“.
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Fig. 2. Physiological Actions of GLP-1R Agonist.

Increased transit time for nutrients from the stomach to the bloodstream is a result of GLP-1’s ability to postpone emptying. Postpran-
dial (after meal) blood glucose levels are helped to regulate by this effect, which also promotes satiety, which reduces food intake'>.
For people with type 2 diabetes, who are at increased risk for cardiovascular disease, the increasing body of research suggesting that
GLP-1 has cardioprotective effects is very encouraging. Inflammation is reduced, endothelial function is enhanced, and heart function
is improved as a result of these benefits'®. Fig. 2 shows the physiology of the GLP-1R agonist.

3. Physiological Functions and Mechanisms of Incretin Hormones in Glucose Regulation
3.1. Mechanisms, Therapeutic Potential, and the Incretin Effect in Glucose Homeostasis

Two major peptides that have been identified as incretin hormones are GIP (glucose-dependent insulinotropic polypeptide) and
GLP-1 (glucagon-like peptide-1). Although GLP-1 shows non-incretin properties, previous studies on glucoregulatory responses in
receptor deletion mice models show that GIP solely works as an incretin. Investigating genetically modified mice may be complicated,
though, by compensatory adaptive changes. To disprove this, we tested GIP and GLP-1 in wild-type mice for incretin and non-incretin
activity, respectively, by blocking their effects using antibodies against GIP receptors and exendin, an antagonist for GLP-1 receptors.'”
The incretin hormone glucose-dependent insulinotropic polypeptide (GIP) is mostly produced by K-enteroendocrine cells found in the
duodenum and proximal jejunum; it consists of 42 amino acids.'® However, studies using genetically modified mice can be obstructed
by compensatory adaption modifications. To rule out this possibility, we tested the incretin and non-incretin activities of GIP and
GLP-1 in wild-type mice. We used the GLP-1 receptor antagonist exendin to block GLP-1 action and immunopurified anti-GIP receptor
antisera to test GIP. We found that GLP-1, but not GIP, significantly regulates blood glucose levels in mice even when they don’t eat
by mouth. Research on the possible therapeutic advantages of GLP-1 in the treatment of diabetes is currently underway since this
incretin decreases blood glucose via a variety of additional channels.?° Incretin mimetics are a new family of medications developed
for the treatment of type 2 diabetes. Incretin mimetics are peptide hormones that function by imitating the activities of incretins,
which are produced in the gastrointestinal system. The generation of incretins is boosted during food absorption, which in turn
enhances insulin secretion. The effects of incretins on insulin and glucagon levels are glucose dependent. In contrast to sulfonylureas,
incretins can decrease glucagon suppression and increase insulin in hypoglycaemic conditions, rather than having an insulin-boosting
action. Consequently, this inhibition may reduce the frequency of hypoglycemia in individuals with type 2 diabetes.'® The role of the
intestines in glucose homeostasis can be better understood by comparing the results of oral and intravenous glucose infusions. Using
the same amount of glucose (25 g, or around half the sugar in a can of soda) may not provide very unusual outcomes, especially
considering how small the quantities of glucose are. Since the amount of insulin secreted (as determined by C-peptide responses) may
be almost same, changes in peripheral insulin concentrations could be seen as an indication of changes in hepatic insulin clearance.
The incretin effect refers to the dramatic rise in insulin secretion that happens when oral or enteral glucose administration is timed
to coincide with plasma glucose concentrations achieved by oral or small intestinal glucose administration, and the intravenous
glucose infusion is adjusted accordingly. Common wisdom holds that the incretin effect indicates that insulinotropic substances
(also known as incretin hormones) are secreted by the stomach.?%-?! In the 1930s, Belgian doctor Dr. Jean La Barre used the term
"incretin" to describe a substance present in the intestinal mucosa that, when administered intravenously to non-pancreatectomy
mice, induced hypoglycemia. Dr. Hans Heller of Austria put forth a comparable proposal a few years after that, although he referred
to this experimental substance as "duodenin." It was suggested by La Barre and Heller that the substance(s) under research could be
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Summary of Incretin Hormone-Based Therapeutics and Their Clinical Status.

Mechanism of Action

Approval Status

Key Clinical Outcomes

Ref. (s)

Table 1
Ssr. No.  Drug Name Class
1 Exenatide GLP-1 receptor
agonist
2 Liraglutide GLP-1 receptor
agonist
3 Dulaglutide ~ GLP-1 receptor
agonist
4 Semaglutide ~ GLP-1 receptor
agonist
5 Sitagliptin DPP-4 inhibitor
Vildagliptin =~ DPP-4 inhibitor
Tirzepatide Dual GIP/GLP-1

receptor agonist

Activates GLP-1 receptor,

increases insulin
secretion, delays gastric
emptying

Enhances
glucose-dependent
insulin secretion,
suppresses glucagon
Same as above;
long-acting formulation
Long-acting GLP-1RA;
improves glycaemic
control and reduces
appetite

Inhibits DPP-4 enzyme,
prolongs endogenous
GLP-1 and GIP activity
Same as above

Activates both GIP and
GLP-1 receptors;
enhances insulin
secretion and reduces
appetite

FDA-approved for
T2D & weight loss

FDA-approved for
T2D & obesity

FDA-approved

FDA-approved for

T2D & obesity

FDA-approved

Approved in
Europe & Asia
FDA-approved
(2022)

Reduces HbAlc by ~1%;
modest weight loss

HbA1lc reduction ~1.5%;
significant weight loss;
cardioprotective

Weekly dosing; effective
glycaemic control

Up to 2% HbAlc
reduction; notable
weight loss

HbAlc reduction
~0.7-1%; weight-neutral

Mild HbA1c reduction;
low hypoglycemia risk
HbAlc | >2%; weight

loss up to 22% in some
trials

doi:
10.1152/physrev.00013.2014.

doi:
10.1016/j.jdiacomp.2014.12.006.

doi:
10.1007/s00125-016-3899-2.
doi: 10.1111/0br.12917.

doi:
10.1016/j.peptides.2017.11.023.

doi: 10.2337/dc16-0351.

doi: 10.3389/fendo.2018.00754.

used to treat diabetes.?? The effects of incretin hormones are shown in Fig. 3 and Table 1 shows summary of incretin hormone-based

therapeutics.

3.2. GLP-1’s Effect on Glucose Metabolism and Type 2 Diabetes Treatment

The expression of GLP-1 occurs in the distal small intestine by L-cells in reaction to food consumption. Important roles it plays in

glucose metabolism include stimulating insulin secretion, inhibiting glucagon secretion, postponing gastric emptying, and improving
satiety. Individuals afflicted with type 2 diabetes exhibit a significant reduction in GLP-1 synthesis in reaction to dietary intake.??
Reduced insulin release after meals is another consequence of impaired GLP-1 insulinotropic action. Notwithstanding these dysfunc-
tions, GLP-1 can still be given externally to restore glycaemic control in type 2 diabetes (T2DM) and retains some of its ability to
boost insulin production. The development of GLP-1-based medications that target the incretin system has led to improved glycaemic
control for type 2 diabetes patients.>*

3.3. Type 2 Diabetes: Glucose-Dependent Insulinotropic Polypeptide (GIP) Challenges and Therapeutic Limitations Due to p-Cell Resistance

When given orally to healthy individuals, GIP causes an increase in insulin secretion in response to glucose. The insulinotropic
effect of GIP is greatly diminished in type 2 diabetics, even though GIP levels are normal or even high. The lower postprandial insulin
response observed in type 2 diabetes is likely caused by the pancreatic f-cells’ resistance to GIP’s activity.2> GIP has less therapeutic
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promise in type 2 diabetes due to its reduced insulinotropic activity compared to GLP-1. There has been little research on how to
overcome GIP resistance in people with type 2 diabetes, and GIP mimics have only shown modest efficacy in improving glycaemic
management.?®

3.4. Release of GLP-1 and GIP: Glucose Sensing Pathways and SGLT1 in Incretin Secretion

The release of incretin can be strongly stimulated by glucose, and various routes for glucose sensing have been put up. Brush
border sodium glucose cotransporter 1 (SGLT1) mediates Na+ coupled glucose uptake in the upper small intestine, which is thought
to stimulate GLP-1 and GIP release. Membrane depolarisation, which initiates electrical activity, voltage-gated calcium entry, and
peptide release, seems to be driven by small transporter-associated currents.?” This theory is backed by evidence that pharmacological
SGLT1 inhibitors can limit glucose-dependent GLP-1 and GIP secretion in vitro®® and that SGLT1 knockout animals release less GIP
and GLP-1 early after glucose gavage.?° On the other hand, mice deficient in SGLT1 had significantly higher plasma GLP-1 levels when
tested later after glucose administration. This could indicate that more glucose is delivered to the L-cell rich distal gut, where other
sensing pathways may be activated, due to reduced glucose absorption in the upper small intestine.> According to one theory, L-cell
activation occurs via different signalling pathways when the distal glucose load is high enough to promote microbial fermentation and
the formation of short chain fatty acids.>' One possible explanation for the delayed elevation of GLP-1 levels in SGLT1 mutant animals
is the existence of glucose-sensing mechanisms independent of SGLT1 in enteroendocrine cells. It is the job of glucokinase and ATP
sensitive potassium (KATP) channel subunits expressed by L-cells and K-cells to relate electrical activity with glucose metabolism.
There was no change in peak incretin levels seen in patients treated with KATP channel inhibitors, suggesting that this route is not
responsible for these levels.>?> Concentrations of glucose within L-cells were measured, and while the SGLT1-mediated Na+ flow
was big enough to cause membrane depolarisation, the monosaccharide flux that accompanied it was not adequate to change the
concentrations of glucose within the cells. On the other hand, L-cells have a high phloretin-sensitive glucose flux, which means that
facilitative glucose transporters could manage the balance between cytoplasmic and basolateral glucose levels. This would mean
that glucose entering L-cells from the plasma, rather than luminal glucose, would mainly impact their metabolism. Problematically,
the relationship between GLP-1 production, metabolism, and plasma glucose is still not well understood. Enteroendocrine secretion
activates sweet taste receptors via a third, contentious mechanism. A G protein coupled receptor heterodimer (T1R2/T1R3) is used
in this pathway to detect glucose and other sweets, and it couples with the G protein a-gustducin. a-gustducin and T1R3 have been
identified in the intestines and have been observed in association with GLP-1 and GIP in certain research.333> However, there are
indications from many discoveries that they might not function as the L-cell glucose sensor on their own. Evidence from many studies
showings that glucose, but not artificial sweeteners, causes an increase in plasma incretin levels in both rats®® and humans®” provides
convincing evidence against the importance of sweet taste receptors.

4. Therapeutic Applications of Incretin-Based Agents in Type 2 Diabetes Management
4.1. Diabetic Treatments Based on Incretin: GLP-1 Receptor Agonists and DPP-4 Inhibitors for Blood Sugar Management

The digestive tract secretes two crucial incretin hormones, GLP-1 and glucose-dependent insulinotropic polypeptide (GIP), into the
bloodstream following food consumption. It has recently been proven that GLP-1 and GIP are responsible for 50-70% of the insulin
released by healthy individuals after oral glucose consumption. The result is a decrease in average blood glucose levels and an increase
in insulin release that is glucose dependant.>® Since GLP-1 receptor agonists only trigger insulin secretion in response to elevated blood
glucose levels, exenatide does pose a small risk of hypoglycemia. No cases of severe hypoglycemia (i.e., episodes requiring assistance
from another person) were recorded, however 4% to 11% of patients had hypoglycemia when receiving either combination or solo
medication.® Currently, there are two types of incretin-based medications available: GLP-1 receptor agonists (exenatide, 1-2 times
daily) and DPP-4 inhibitors (vildagliptin, sitagliptin, saxagliptin, and linagliptin).*° The pharmacological profiles of GLP-1 receptor
agonists and DPP-4 inhibitors are given in Table 2.

4.2. Comparison of GLP-1 Receptor Agonists with DPP-4 Inhibitors for Type 2 Diabetes Management and Cardiovascular Safety

Compared to subcutaneous injections of GLP-1 agonists once, twice, or, more recently, once a week, DPP-4 inhibitors are taken
orally once a day. While DPP-4 inhibitors do not appear to have these effects, GLP-1 agonists appear to reduce hunger and slow down
stomach emptying.*> There are no statistically significant or clinically significant differences between DPP4 and placebo in terms of
the incidence of serious cardiovascular events, such as stroke, myocardial infarction, or cardiovascular mortality, according to recent
randomised controlled studies. Similarly, the risk of serious adverse cardiovascular events with GLP-1RA lixisenatide compared to
placebo did not change, according to the results of the recent cardiovascular outcome study ELIXA.*® With both administered in
addition to background medication consisting of metformin and sulfonylureas, the purpose of the LEAD-6 study was to evaluate the
safety and effectiveness of once-daily liraglutide administration vs twice-daily exenatide injection. When 1.8 mg of liraglutide was
injected once day instead of twice a day, there was a significant decrease in fasting plasma glucose and HbAlc.*” When comparing
GLP-1RA medication to metformin, two trials included data on cardiovascular risk factors; however, neither study found any clinically
meaningful variations in cardiovascular risk variables between the groups.*®Fig. 4 depicting mechanisms and cellular dynamics in
Incretin Action.
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How GLP-1 receptor agonists and DPP-4 inhibitors work pharmacologically.
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S.No. Parameter GLP-1 receptor agonists DPP-4 inhibitors

1. Mechanism of Action Delay stomach emptying, increase insulin Prevent the breakdown of endogenous GLP-1
secretion, suppress glucagon, and activate and GIP by inhibiting the dipeptidyl
GLP-1 receptors to mimic the activity of peptidase-4 enzyme, which in turn enhances
endogenous GLP-1. their effect.

2. Insulin Secretion The secretion of insulin is enhanced when Improving glucose-dependent insulin
glucose is present. secretion to a moderate degree

3. Glucagon Secretion Limit the release of glucagon after eating Subtle reduction in glucagon secretion

4. Gastric Emptying Reduce the occurrence of postprandial glucose The rate of stomach emptying is unaffected.
increases by delaying stomach emptying.

5. Weight Effect As a result of delayed stomach emptying and Weight-neutral
enhanced satiety, promote weight loss.

6. Risk of Hypoglycaemia Insufficient on its own because of its effect on Low when used alone, as it enhances insulin
glucose levels secretion in a glucose-dependent manner

7. Administration Subcutaneous injection Oral tablets

8. Duration of Action Long-acting (once daily or weekly Shorter duration, requiring daily
formulations) administration

9. Common Side Effects Nausea, vomiting, diarrhoea Nasopharyngitis, headache, mild

gastrointestinal symptoms
10. Effect on HbAlc Significant reduction (1-1.5%) Moderate reduction (0.5-1%)

L-type Ca2+ - channel

Glucose

K+

K ATp-channel

GIP/GLP-1

Fig. 4. GLP-1 and GIP connect to their receptors, activate adenylate cyclase, and increase cAMP, which activates PKA and cAMP-GEFII to secrete
insulin. With glucose, this cascade closes KATP channels, depolarising the membrane and starting electrical activity. Extended action potentials
increase Ca’* influx, while Kv channel antagonism and iPLA2 activation boost excitability and arachidonic acid synthesis. Ca’*- induced release
increases intracellular Ca>* reserves, promoting mitochondrial ATP production for exocytosis. Elevated cAMP promotes granule mobilisation, making
more insulin available for release, accounting for most insulinotropic activity.*’

5. Sensing Pathways and Activation Mechanisms
5.1. L-cell activation via lipid and SCFA sensing pathways: importance of GPCRs on GLP-1 secretion

Although dietary lipid byproducts are believed to be detected by G protein coupled receptors (GPCRs), there is no evidence that
they affect L-cell electrical activity. Lipid signalling in L-cells has been associated with many GPCRs, including GPR120,°° GPR119,
and FFAR1 (GPR40).%! In response to medium-chain and long-chain fatty°?-% acids, FFAR1 and GPR120 activate phospholipase C,
which in turn triggers IP3-mediated Ca2+ release and peptide secretion.>* These receptors are believed to be Gq-coupled. Lipases
convert triglycerides into 2-monoacylglycerols, which are another type of lipid that accumulates in the intestine after a meal. These
ligands bind to the GPR119 receptor, which is present in both K-cells and L-cells.>>>” The Gs-coupled GPR119 is activated by
ligand binding, which raises cAMP levels, activates adenylyl cyclase, and improves L-cell secretion.®® There are alternative lipid
sensing routes that have been discovered that are involved in GLP-1 secretion. These pathways include fatty acid transport protein
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(FATP4) absorption®® and activation of atypical protein kinase C.°© Colon bacterial fermentation of dietary fibre or, less commonly,
of non-absorbed carbohydrates produces short-chain fatty acids (SCFA). Through two GPCRs, FFAR2 and FFAR3, they may mediate a
connection between fibre intake, the gut microbiome, and L-cells.®’-5> A Gq component appears to be absent from FFAR3, although
FFAR2 can couple to both the Gg-signalling and Gi/o-signalling pathways.®® It was found that SCFA generated Ca2+ transients
in primary L-cells and that circulating GLP-1 levels and SCFA-dependent GLP-1 release in vitro were decreased in animals lacking
FFAR2,%* suggesting a role for FFAR2 in GLP-1 secretion.

5.2. Protein and amino acid digestion-induced GLP-1 release: mechanisms and receptors

Optimal digestion product size for secretion stimulation is unknown, despite the fact that protein digestion is a potent GLP-1
release stimulant. Experiments in vitro have demonstrated that a number of amino acids can increase GLP-1 secretion. One theory
puts L-Gln’s efficacy down to its capacity to increase cytoplasmic cAMP concentrations, possibly through activation of an as-yet-
unidentified Gs-coupled GPCR,%°-%¢ while another suggests that it triggers membrane depolarisation via electrogenic Na+-dependent
amino acid absorption. Whether a person is healthy, overweight, or diabetic, taking L-Gln with food will cause their bodies to secrete
more GLP-1.%7 The sense of other luminal amino acids by enteroendocrine cells has been associated with GPCRs: phenylalanine by
the CaSR and ornithine by GPRC6A.%%-%° There is less consensus regarding the receptors involved in the sensing of bigger protein
digestion products, such as beef hydrolysate, however activation of mitogen-activated protein (MAP) kinases has been associated
with this phenomenon.”?71

5.3. Effects of Progesterone, Bile Acids, and Bariatric Surgery on GLP-1 Secretion by Luminal Components

In addition to nutrition, other luminal components can promote GLP-1 production. It has been suggested that incretin secretion
may be influenced by enteral progesterone, which activates receptors on plasma membranes.”> One metabolic signal that bile acids
help integrate is the secretion of fibroblast growth factor 15/19 from the distal intestines, which occurs downstream of the well-
studied nuclear hormone receptor FXR.”®> However, it seems that bile acids activate the Gs-coupled receptor TGR5 (GPBAR) in
L-cells, which in turn stimulates GLP-1 secretion.”47> Recent studies in humans have demonstrated that bile acid treatment improves
glucose homeostasis and plasma GLP-1 levels.”®>”” The rise in plasma bile acid levels following bariatric surgery is intriguing, and
the concomitant improvements in metabolic control may be due, in part, to bile acid driven GLP-1 production.”®

6. Regulation and Therapeutic Strategies
6.1. Somatostatin and Gi-Coupled GPCRs Regulate Incretin Secretion in Enteroendocrine Cells

Not only do enteroendocrine cells have stimulatory pathways that enhance incretin secretion, but they also express GPCRs con-
nected to inhibitory Gi proteins. For instance, somatostatin receptors that are Gi-coupled are expressed by K-cells and L-cells. In keep-
ing with the involvement of a Gi-coupled signalling cascade, somatostatin reduces GLP-1 and GIP production and blocks forskolin-
stimulated cAMP transients in enteroendocrine cell lines.”® Patients treated with GLP-1 mimetics showed a suppression of GLP-1
secretion, which is likely explained by an enhanced somatostatin release route.®? Evidence suggests that the Gi-coupled endocannabi-
noid receptor Cnrl may have a role in controlling the release of incretin hormones. The secretion of GIP is specifically inhibited
by Cnrl, a protein that is more highly expressed in K-cells compared to L-cells.®! More and more evidence points to the fact that
enteroendocrine cells get signals from a variety of sources, including nutrients eaten, components of the gut lumen, and other cells
and tissues within the same kind of cell. Electrogenic pathways, which include the co-transport of Na+, and GPCRs and classical
downstream G protein coupled pathways are both involved in these inputs. It is believed that by learning more about the physiolog-
ical signalling mechanisms used by enteroendocrine cells in living organisms, we can find approaches to cure type 2 diabetes and
obesity by targeting these cells specifically.

6.2. GLP-1 Mimetics, Endogenous Enteroendocrine Cell Activation, and Bariatric Surgery Mimicry for T2DM

The incretin axis is crucial for glucose homeostasis, and treatments that target this axis have shown great promise in the treatment
of type 2 diabetes. Additional benefits, such as weight loss and cardioprotection, are offered by GLP-1 mimetics, which are licensed for
the treatment of type 2 diabetes mellitus (T2DM), in contrast to inhibitors of dipeptidyl peptidase 4 (DPP4), which quickly deactivates
circulating GLP-1.8%-8% On the other hand, therapies that aim to stimulate the body’s own endogenous enteroendocrine cells may have
the added advantage of stimulating multiple peptide release, which could lead to the activation of both insulinotropic and appetite
suppressant pathways. The FFAR1, GPR119, and GPR120 are among the possible enteroendocrine targets that are presently being
studied. One of these medications, TAK-875, which is an FFAR1 agonist, targets both pancreatic g-cells and L-cells. It effectively
lowers blood sugar levels in people with type 2 diabetes, although GLP-1 may have a little role. For reasons that are still up for
debate, GPR119 agonists shown promising efficacy in animal models but failed to exert their full incretin and glucose-lowering
potential in humans.®*85 Contrary to expectations, a dual-acting SGLT1/2 inhibitor has been demonstrated to increase GLP-1 and
PYY levels in both diabetic rats and humans.®® This action is similar to that of SGLT1 knockout and may be due to the fact that it
feeds the gut microbiome and boosts SCFA production in the L-cell rich distal gut. Following certain types of bariatric surgery, there
is a noticeable increase in post-prandial GLP-1 and PYY levels.®” This is likely related to the enhanced supply of nutrients to the distal
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intestine and has a significant impact on appetite and the resolution of type 2 diabetes.®3°C A huge step forward in medicine would
be to find a way to make medical treatments work like bariatric surgery.

6.3. Secretion, metabolism, and additive effects on insulin secretion of the incretin hormones GIP and GLP-1

Hence, it is quite probable that both of these hormone’s function as incretin hormones. We have two hormones; why? While the
density of the L-cells responsible for secreting GLP-1 is largest in the lower small intestine, it is likely that GIP is mostly secreted from
the upper small intestine. Hence, the higher incretin hormone, GIP, would be preferentially activated by smaller loads of quickly
absorbable nutrients, whereas the distal incretin, GLP-1, would also be activated by bigger meals containing more complex nutrients
that require more digestive processing. This is in line with the results of experiments using alpha-glycosidase inhibitors, such acarbose,
which push back the digestion and absorption of carbs in the upper intestines and shift nutrient transport to the lower parts of the
gut. Because acarbose decreases GIP secretion while increasing GLP-1 secretion,”! it may help diabetic people improve their glucose
tolerance. In our study, we tested the effects of incretin hormone selectivity by intubating participants with either long (ileal) or short
(duodenal) catheters and then injecting them with little amounts of glucose. Interestingly, investigations that did not appear in the
published literature found that the GIP and GLP-1 responses to glucose instillation were nearly same whether it was administered
proximally or distally. Reasons for this could include the widespread presence of cells that produce both GLP-1 and GIP in the small
intestine and, more recently, the discovery that many endocrine cells in the gut of mammals, including humans, synthesise both
hormones.®? That being said, while GIP concentrations can rise to hundreds of picomoles per litre, GLP-1 concentrations seldom
go over 50 pmol/l, even though a mixed meal would typically trigger the production of both peptides.”> The concentrations of the
physiologically active hormones GLP-1 and postprandial GIP are absent from the majority of published studies on the topic. The
pervasive enzyme dipeptidyl-peptidase IV, or DPP-1V, is known to metabolise GIP and GLP-1 extensively and quickly, according
to recent studies.’*°> Enzyme inactivation occurs when the N-terminus of the molecule is cleaved by this enzyme. Actually, the
metabolites (GLP-1 9-36 amide and GIP 3-42) may function as receptor antagonists.”® Conversion may take place both within the
blood vessels and when organs and tissues pass through them because the enzyme is present in both soluble plasma form and bound
to endothelial surfaces.”” The N-terminal degradation of the peptides should be easily detected by GLP-1 and GIP tests. However, the
majority of published data comes from assays that do not distinguish between the intact and degraded versions, meaning that the
results do not represent the quantities of bioactive hormones. In addition, the two hormones’ sensitivity to DPP-IV is very different
from one another. About half of the GIP that is injected survives, compared to just 10 to 20% of the exogenous GLP-1.°¢ The clearance
of intact GLP-1 from plasma surpasses cardiac output, suggesting that the peptide is destroyed at a rate that prevents steady state
estimations of its metabolism, in contrast to intact GIP, which has a half-life of around 7 minutes. Similarly, compared to what was
previously reported using non-discriminating assays, the postprandial plasma concentrations of both intact hormones are significantly
lower.??>190 When comparing intact GLP-1 (10-20 pmol/]) to intact GIP (up to 100 pmol/1), the former is significantly lower. Thus,
substantially more physiologically active GIP than GLP-1 is present in plasma after a meal. However, it should be mentioned that
the most accurate way to determine the hormone secretion rate is to use assays that respond with both the intact hormones and the
products of DPP-IV degradation. This is because assays designed to detect intact hormones will miss the digested hormone molecules,
which constitute a clearly variable fraction of the total secreted hormones, whereas non-discriminating assays will capture both forms
thus capture the overall secretion rate. As a result of fast elimination from the body, especially in the kidneys, the half-lives of GIP
metabolites are around 17 minutes and those of GLP-1 metabolites are 4 to 5 minutes.'°! Although it has a small function in the
removal of the metabolites, the liver is primarily involved in the hormones’ DPP-IV mediated metabolism.'%?> As plasma glucose
concentrations rise before and after a meal, the question of which hormone stimulates insulin release the most naturally emerges.
While some studies indicated no difference in potency between the two hormones, others indicated that GLP-1 was three to five times
stronger than GIP.!03.104 Multiple studies indicated that GIP did not stimulate insulin secretion at fasting glucose concentrations
and had no effect at glucose concentrations below 8 mmol/11%5. It was for this reason that we have now resolved to investigate the
insulinotropic effects of the two hormones administered at doses that would elevate their physiological concentrations when they
are undiluted. The infusions were administered with glucose concentrations clamped at fasting or slightly elevated levels to replicate
the prandial condition as closely as feasible!%¢. Both hormones demonstrated comparable and statistically significant insulinotropic
effects at fasting glucose concentrations and 6 mmol/1 in their physiological concentrations; however, GLP-1 was marginally more
effective at 7 mmol/l. Since increases in their concentrations are observed as early as 5-10 minutes after a meal begins, it was shown
that both hormones typically contribute to the incretin effect in humans. It appears that the two hormones have an additive effect
when taken together. Therefore, the combined insulin response from GIP and GLP-1 infusions was around equal to the total of the
two individual responses, even though they each produced around the same amount of insulin when administered alone. There has
been recent success in creating mice that lack both the GIP and GLP-1 receptors. Initial findings in these animals also support the idea
that the two hormones had additive effects; specifically, the combination deletion had additive effects on glucose tolerance when
compared to the individual receptor knockouts'%7.

7. Conclusion

Our knowledge of glucose control and the therapeutic potential of incretin hormones, especially GLP-1 and GIP, in the manage-
ment of type 2 diabetes has been greatly enhanced by the research of these hormones. Insulin secretion, hunger regulation, and
cardioprotection are just a few of the many functions performed by these hormones. Treatments based on incretins, like those that
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bind to the GLP-1 receptor and those that block the dipeptidyl peptidase-4, are showing great promise in the quest for improved glu-
cose management and cardiovascular safety. Even though p-cell resistance is a hurdle, improving therapy outcomes can be achieved
by delving further into the pathways that control incretin release, such as glucose, lipid, and amino acid sensing. Key approaches in
this review based on treating and resolving the difficulties of Type 2 diabetes include innovative pharmaceutical strategies targeting
the incretin axis, such as GLP-1 mimetics and bariatric surgery mimics.

8. Future Directions

To enhance the clinical utility of incretin-based therapies, it is imperative to address several pressing challenges in the field of T2D
management (10.3803/EnM.2024.1940.). First, persistent f-cell resistance remains a central issue. Although GLP-1 and GIP can po-
tentiate insulin secretion in healthy individuals, studies show that up to 70% of T2D patients exhibit impaired #-cell responsiveness to
GIP, and partial resistance to GLP-1 increases with disease progression. This reduces the efficacy of incretin-based agents over time and
necessitates strategies that improve or bypass this resistance (10.1084/jem.20171965.). Second, while GLP-1 receptor agonists (GLP-
1RAs) have demonstrated cardiovascular benefits in large outcome trials such as LEADER (liraglutide) and SUSTAIN-6 (semaglutide),
DPP-4 inhibitors have consistently failed to show significant reductions in major adverse cardiovascular events (MACE). For example,
the TECOS trial on sitagliptin showed no superiority over placebo in reducing MACE. This highlights the need for more metabolically
comprehensive agents ( 10.3389/fendo.2018.00324.). Third, there is growing evidence of heterogeneous patient responses to incretin
therapies, influenced by genetic polymorphisms (e.g., TCF7L2 variants), gut microbiota composition, and obesity-related metabolic
dysfunction (10.1111/dom.13869.). This reinforces the need for precision medicine approaches that can predict and tailor incretin
response, thereby maximizing therapeutic benefit and minimizing cost. Fourth, mimicking the effects of bariatric surgery pharmaco-
logically remains a critical unmet goal. Bariatric procedures (e.g., Roux-en-Y gastric bypass) result in 3-5-fold increases in GLP-1 and
PYY levels and achieve T2D remission in up to 80% of patients, according to the STAMPEDE trial (10.1177/1932296818778607.).
However, current drugs do not fully replicate this hormonal environment. Dual (e.g., tirzepatide) and triple receptor agonists (tar-
geting GLP-1, GIP, and glucagon) are being investigated to fill this translational gap ( 10.1080/00325481.2022.2147326.).
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