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Abstract

The intricate interplay among glucagon-like peptide-1 (GLP-1), glucose-dependent insulinotropic polypeptide (GIP), and
glucagon receptors (GCGR) is a focal point in understanding the regulatory networks that govern metabolic homeostasis.
These peptide hormones, each with unique receptor-mediated pathways, converge to orchestrate a multifaceted
response that influences appetite control, enhances insulin sensitivity, and optimizes energy expenditure. This study
explores the combined effects of GLP-1, GIP, and GCGR receptor activation on metabolic parameters critical to
maintaining energy balance and glucose homeostasis. Using a comprehensive approach integrating molecular biology,
physiology, and nutritional science, we investigated how these receptors collectively modulate appetite, insulin
sensitivity, and energy metabolism. Our findings reveal that the synergistic activation of these pathways results in a
significant reduction in appetite, improved insulin responsiveness, and increased energy expenditure. These findings
suggest potential therapeutic targets for tackling metabolic disorders such as obesity and type 2 diabetes. The study
covers GLP-1, GIP, and GCGR receptor pharmacology and therapeutic uses, including FDA-approved treatments and
those in development for GLP-1 receptor agonists, dual-action GIP/GLP-1 receptor agonists, and triple-action GLP-1, GIP,
and GCGR receptor agonists. The review underscores the importance of a holistic understanding of hormonal interactions
in developing effective metabolic interventions.
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Abbreviation

GLP-1: Glucagon-like Peptide-1; GIP: Glucose-dependent Insulinotropic Polypeptide; GCGR: Glucagon
receptor; T2DM: type 2 diabetes mellitus; GLP1Rs: GLP-1 receptors; DPP-4: dipeptidyl peptidase-4; GLP-
1Ras: GLP-1 receptor agonists; WAT: white adipose tissue; AT: adipose tissue; BAT: while brown adipose
tissue; ARC: hypothalamic arcuate nucleus; DMN: the dorsomedial nucleus; cAMP-PKA: AMP-protein
kinase A; VMN: the ventromedial nucleus; T2D: type 2 diabetes; POMC: Pro-opiomelanocortin, a vital
precursor protein and gene involved in the melanocortin; CART: Cocaine- and Amphetamine-Regulated
Transcript; MC3: Melanocortin-3 Receptor; MC4R: Melanocortin-4 Receptor; MC3: Melanocortin-3
Receptor; MC4R: Melanocortin-4 Receptor; NPY: Neurons producing neuropeptide Y; AgRP: agouti-related
peptide; FDA: U.S. Food and Drug Administration; EMA: European Medicines Agency; GPCRs: G protein-
coupled receptors; ALT: alanine aminotransferase.

Introduction

According to [1], maintaining proper glucose metabolism is crucial for health, as failure to manage
hypoglycemia or hyperglycemia can lead to severe complications, including microvascular disease
leading to death. Glucagon-like peptide-1 (GLP-1) and glucose-dependent insulinotropic polypeptide
(GIP) are incretins that regulate insulin secretion in response to glucose intake [2].

Glucagon-like peptide-1 (GLP-1)

Glucagon-like Peptide-1 (GLP-1) is a crucial gastrointestinal hormone derived from proglucagon and
secreted by enteroendocrine L cells in the lower intestine. Its secretion is low during fasting and
increases two to three times after meals. GLP-1 has a short half-life of about two minutes due to rapid
metabolism by dipeptidyl peptidase-4 (Figure 1), resulting in only about 10% reaching systemic
circulation. It plays a significant role in clinical medicine with various biological effects [3-6]. GLP-1
exerts various effects through its receptors (GLP1Rs) in multiple organs, notably enhancing insulin
secretion, promoting pancreatic B-cell health, and inhibiting glucagon secretion, thereby reducing
gluconeogenesis and increasing hepatic glucose storage. It also boosts glucose uptake in muscles and
adipocytes while positively influencing cardiovascular function [1].
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Figure 1: GLP-1 metabolism.

GLP-1 promotes satiety by slowing gastric motility and reducing hunger through its action on specific
brain neurons, facilitating weight loss. Moreover, GLP-1 receptor agonists (GLP-1RAs) vary in their
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effects on appetite suppression and weight regulation, with some, like semaglutide, having more
pronounced effects than others, such as albiglutide. Additionally, GLP-1 helps manage liver
metabolism by lowering postprandial glycemia and reducing fatty acid synthesis [4,5,7-17]. (Figure 2,
left side in red).
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Figure 2: The pleiotropic effects and actions of glucagon-like peptide-1 (GLP-1) in red and glucose-dependent
insulinotropic polypeptide (GIP) in blue across various tissues and organs [3].

Glucose-dependent insulinotropic polypeptide (GIP)

Glucose-dependent insulinotropic polypeptide (GIP), released from K-cells in the proximal small intestine,
complements GLP-1’s insulinotropic effects while promoting lipid storage and enhancing glucose uptake
in adipose tissue. The combined action of GLP-1 and GIP receptors increases insulin secretion and
peripheral sensitivity, suggesting potential for treating metabolic disorders such as type 2 diabetes. GIP,
a 42-amino acid peptide secreted in response to meals, enhances insulin secretion from pancreatic B-cells
and is also present in the brain and pancreatic a-cells. It is degraded by dipeptidyl peptidase-4 (DPP-4),
leading to an inactive form of the peptide [18-24]. The function of GIP extends beyond the pancreas;
Glucose-dependent insulinotropic polypeptide receptor (GIPR) is present in various tissues, including
bone, heart, brain, Gl tract, and adipose tissue, but not in skeletal muscle or liver. GIP promotes lipid
oxidation, enhances blood flow and lipid uptake in adipose tissue, reduces food intake via brain signaling,
and aids in weight loss. GIPR agonists are promising for treating type 2 diabetes and may have fewer
gastrointestinal side effects than GLP-1R agonists. The improvements in metabolic outcomes associated
with GIP may involve interactions with adipose tissue [25-31].

Humans have different types of adipose tissue (AT) that regulate glucose and fatty acid metabolism:
white adipose tissue (WAT) stores energy, while brown adipose tissue (BAT) generates heat. Increased
BAT activity can protect against weight gain and reduce the risk of metabolic diseases, including type
2 diabetes mellitus (T2DM) and cardiovascular disease. However, it remains uncertain whether BAT
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serves as a protective organ in humans.

Dysfunctional AT can impair metabolic health, leading to issues such as insulin resistance and chronic
inflammation. Understanding AT's role in energy homeostasis is crucial for developing effective
therapeutic treatments [22,32-37].

Glucagon receptors (GCGR)
Glucagon primarily stimulates hepatic glycogenolysis and gluconeogenesis, thereby influencing blood

glucose levels in response to dietary composition. It enhances amino acid metabolism, facilitates
hepatic lipolysis, promotes cholesterol clearance, and triggers ketogenesis. Glucagon also affects the
brain by reducing food intake and regulating blood glucose through the central nervous system, with
hypothalamic receptors coordinating glucose production. Additionally, glucagon-induced amino acid
catabolism may contribute to muscle wasting and hyperglycemia [38-47]. The glucagon receptor (G-
protein) is found in various tissues, including the liver, kidney, intestinal smooth muscle, brain,
adipose tissue, heart, pancreatic B cells, and placenta [48]. G protein-coupled receptors (GPCRs)
represent the largest and most diverse superfamily of membrane proteins in humans, consisting of
over 800 distinct members. These receptors are activated by a wide array of endogenous ligands,
including ions, lipids, nucleotides, amines, small molecules, and peptides. They play vital roles in
various physiological processes, such as sensory perception, emotional regulation, and metabolic
control [49-57].

Due to their significant involvement in health and disease, cardiovascular disorders,
neurodegenerative diseases, and metabolic syndromes, GPCRs have become prominent targets for
drug development. In fact, over 30% of FDA-approved drugs interact with GPCRs, highlighting their
therapeutic significance. GPCRs are categorized into several families (classes A, B, C, and F) based on
their sequence homology and domain structure [58-64].

Peptide-binding GPCRs are crucial for regulating essential biological functions like metabolism,
immune responses, cardiovascular health, energy balance, pain perception, and reproduction.
Peptide ligands, including hormonal, neuropeptides, and regulatory peptides (Figure 3). Activate
GPCRs, triggering physiological responses throughout organ systems. Their diverse interactions with
GPCRs enable precise control of various processes, indicating significant therapeutic potential for
disease management [49].
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Figure 3: GCGRs are key gut and pancreatic hormones that regulate appetite by signaling nutritional
abundance to the brain [49].

Modulating Appetite Control

Obesity not only leads to excess fat but also raises the risk of chronic conditions like type 2 diabetes,
cardiovascular disease, and various cancers. Weight loss through diet, exercise, surgery, and
medications improves quality of life and positively impacts comorbidities. When paired with lifestyle
changes, medications serve as a noninvasive option for initiating and managing weight loss [93-101].
Obesity is the second leading cause of preventable death in the U.S., linked to several comorbidities
such as type 2 diabetes, metabolic dysfunction-associated liver disease, cardiovascular disease, and
cancer. Initially developed to treat type 2 diabetes, GLP-1, GIP, and GCGR agonists are now also used
to treat obesity [128,129].

According to [65], obesity is a major global health issue, defined by Body Mass Index (BMI), with a
standard BMI of 18.5 to 24.9 kg/m?, and obesity is defined as 30 kg/m? or above (For instance, the
ideal weight for a person who is 6 feet tall should not exceed 184 pounds). In 2022, 890 million adults
were diagnosed with obesity, a number that has doubled since 1990, resulting in increased health
complications related to metabolic disorders [66]. The regulation of body weight involves various
gastrointestinal hormones that influence metabolism and weight control. These hormones affect key
neural nuclei, like the arcuate nucleus (ARC), via the gut-brain axis [67]. The vagus nerve and
bloodstream are crucial for transmitting signals from the gastrointestinal tract to the brain. Nutrient
signals and hormones reach the central nervous system via these pathways, influencing metabolic
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regulation by traveling along the vagus nerve or crossing the blood-brain barrier [68] (Figure 4).

GLP-1's role in metabolic regulation via the gut-brain axis
The gut-brain axis is the primary pathway through which GLP-1 exerts its effects, promoting insulin

secretion, enhancing insulin sensitivity, delaying gastric emptying, reducing appetite, and influencing
lipid metabolism [69]. Research has identified glucose-sensitive neurons in the dorsomedial nucleus
(DMN) that express GLP-1 receptors and inhibit potassium channels, thereby lowering blood glucose
by activating the cAMP-PKA pathway [70]. Other hypothalamic nuclei, such as the ventromedial
nucleus (VMN), contain glucose-sensitive neurons: glucose-excited (GE) and glucose-inhibited (Gl). GE
neurons are activated by high glucose, while Gl neurons show decreased activity. Most GLP-1R-
expressing neurons are GE, detecting peripheral glucose through ATP-sensitive potassium channels,
thus helping regulate glucose homeostasis and energy metabolism by integrating GLP-1 and
peripheral glucose signals [71].
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Figure 4: Hormones that regulate metabolism within the gut-brain axis [65].

The gut-brain axis, which involves the vagus nerve, regulates insulin secretion and sensitivity. GLP-1
activates vagal afferents in the nodose ganglion, thereby increasing neuronal activity in the
brainstem's solitary nucleus. This is relayed to the hypothalamus, generating efferent vagal signals
that innervate the pancreas, gastrointestinal tract, and other organs to regulate insulin secretion [72].
The intracellular signaling pathways related to GLP-1’s regulatory effects include cyclic cAMP-PKA and
phospholipase C-protein kinase C. These pathways play a crucial role in mediating GLP-1's
physiological responses in the central nervous system, affecting insulin secretion and sensitivity
[65,73].

Gip’s role in human obesity

According to [74], GIP is known as an "obese hormone," with research showing that obese individuals
have heightened GIP responses to food and elevated fasting levels. Animal studies indicate that high-
fat diets lead to increased GIP production and K cell hyperplasia. GIP also promotes fat accumulation
in adipose tissues [75-80]. Direct evidence emerged that GIP acts as an obesogenic signal: mice lacking
GIP receptors (GIPR) maintained normal weight on a normocaloric diet but gained less weight and fat
on a high-fat diet (HFD), while retaining insulin sensitivity. This suggests that GIPR deficiency may
protect against obesity and diet-induced insulin resistance, a concept supported by various

Case Report | Fares A. World J Diabetes Metab. (2026) 1(1)-01.




subsequent studies [77].

Current research suggests that inhibiting endogenous GIP or its receptor can combat high-fat diet-
induced obesity. Various methods have been studied, including GIP deficiency, K cell ablation,
neutralizing antibodies, GIP vaccination, and pharmacological inhibition of GIPR. Additionally,
genome-wide association studies have linked GIPR variants to obesity and BMI, with some variants
associated with lower BMI. This evidence highlights the significant role of the GIP-GIPR system in the
development of obesity [74]. GIP does not promote food intake or fat accumulation; rather, its long-
lasting derivatives or transgenic overexpression result in a negative energy balance.

GLP-1/GIP hybrid peptides have shown significant weight loss, outperforming GLP-1 receptor agonists
alone. The effectiveness of GIP in reducing food intake depends on central GIPR signaling, allowing
weight loss through both GIPR antagonism and agonism. The unclear mechanism behind these
findings may involve chronic GIPR agonism leading to desensitization. While desensitization has been
observed in adipocytes, its relevance in B-cells and the CNS remains uncertain. Overall, changes in the
GIP system substantially affect energy balance [81-91].

The energy balance equation states that weight loss requires energy expenditure to exceed intake.
GIP-mediated weight loss may increase energy expenditure, decrease food intake, or both. While the
central nervous system (CNS) likely mediates GIP's effects, early studies found that administering GIP
directly to the brain does not affect food intake. Despite identifying GIP receptors (GIPR) in the CNS,
research on their role in energy balance has been limited. Recent findings have renewed interest in
how brain-expressed GIPR may affect energy homeostasis [74,82,92].

GCGR’s role in human obesity
GCG regulates metabolic pathways related to lipid, glucose, and amino acid homeostasis primarily

through hepatic GCGR signaling, but its use as a monotherapy is limited by hyperglycemic effects.
Initial studies on a dual agonist for the glucagon receptor (GCGR) and glucagon-like peptide 1 (GLP1)
have shown glucagon's effectiveness in promoting weight loss. A dual GCGR/GLP-1R agonist shows
strong weight loss in obese individuals and may be more effective than semaglutide (GLP-1 receptor
agonist) alone. It also improves metabolic dysfunction-related steatohepatitis and fibrosis. The
mechanism involves increased energy expenditure, lipolysis, and hepatic fat clearance due to GCGR
activation, while GLP-1R activation suppresses appetite. Studies indicate that the dual-agonist BI-
456908 achieves greater weight loss without adversely affecting glucose control, underscoring the
importance of hepatic GCGR signaling in this combined approach [93]. Chronic activation of GCGR by
the long-acting agonist IUB288 primarily reduces body weight by decreasing fat mass. Additionally,
both acute and chronic GCGR activation enhances liver fibroblast growth factor 21 (FGF21)
expressions and secretion, contributing to its antiobesity effects [94-99].

FGF21 has become a promising treatment for obesity and metabolic syndrome, influencing
thermogenesis, fatty acid oxidation, glucose metabolism, and body weight. It signals through an FGFR-
1c and -3c¢/B-Klotho complex found in adipose tissue, liver, pancreas, and brain. Initially, the focus was
on peripheral actions, but recent evidence indicates that central FGF21 signaling increases energy
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expenditure via sympathetic activity and is essential for weight loss in diet-induced obese mice [100-
128]. Chronic GCGR signaling promotes weight loss, partly through FGF21 in the liver. The hypothesis
suggests that GCGR-stimulated FGF21 signals via central KLB to facilitate this weight loss [94].

GLP-1, GIP, and GCG receptors enhancing insulin sensitivity
[129] the remarkable weight-loss results observed with poly-agonists suggest possible additive or

synergistic effects. The distinct effects of GLP-1, GIP, and GCG on energy balance and metabolic
function have primarily been assessed in rodent models (Figure 5). GLP-1 reduces food intake by
targeting GLP1R in the hypothalamus and brainstem, while enhancing glycemic control by slowing
gastric emptying, boosting glucose-stimulated insulin secretion, inhibiting glucagon secretion, and
increasing B-cell mass. The role of GIPR agonism in promoting weight loss remains uncertain, as GIP
does not influence food intake or energy expenditure. Interestingly, GIPR antagonists have been
shown to induce weight loss in mice and non-human primates [130], and ZEPBOUND (tirzepatide), an
FDA-approved treatment, fails to induce weight loss in obese Glplr-/- mice [132].

GIPR agonism may provide metabolic benefits by enhancing glucose-stimulated insulin secretion,
improving postprandial adipose tissue blood flow and triglyceride storage, and mitigating weight loss-
induced bone loss through decreased bone resorption and increased osteoblast activity. On the other
hand, GCGR agonism may facilitate weight loss by lowering food intake, a mechanism supported by
rodent studies and mediated via the hepatic vagus nerve. In some models, GCGR agonism has been
shown to increase energy expenditure, primarily by activating brown adipose tissue. However, it
appears unlikely that chronic GCGR agonist treatment increases energy expenditure in humans. While
acute glucagon infusion raises resting energy expenditure, a short-term 72-hour infusion did not alter
sleeping, basal, or 24-hour energy expenditure [132].

Nevertheless, glucagon exerts strong influences on hepatic glucose, lipid, and amino acid metabolism.
It stimulates hepatic glucose production, which can lower plasma glucose levels, though these effects
may be counterbalanced by the positive effects of weight loss. Additionally, glucagon decreases
intrahepatic triglyceride content (via increased intrahepatic triglyceride lipolysis, fatty acid oxidation,
ketogenesis, and reduced de novo lipogenesis) and lowers plasma LDL-cholesterol concentration
(through enhanced hepatic LDL receptor activity) [129].
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Figure 5: Multi-organ effects of GLP-1 (blue arrows), GIP (orange arrows), and glucagon (red arrows) receptor
agonism [129].
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Insulin and Glucagon in the Regulation of Glucose Homeostasis

[133] Through its various hormones, especially glucagon and insulin, the pancreas regulates blood
glucose levels within a precise range of 4-6 mM. This regulation is achieved through the opposing yet
balanced actions of glucagon and insulin, a process known as glucose homeostasis. During sleep or
between meals, when blood glucose levels drop, glucagon is secreted by a-cells to stimulate hepatic
glycogenolysis. Additionally, glucagon promotes hepatic and renal gluconeogenesis, thereby raising
endogenous glucose levels 9 during prolonged fasting. Conversely, insulin release from B-cells is
triggered by increased exogenous glucose levels, such as those that follow a meal [134]. Upon binding
to its receptor on muscle and adipose tissues, insulin facilitates the insulin-dependent uptake of
glucose into these tissues, thereby reducing blood glucose levels by removing exogenous glucose from
circulation (Figure 6) [135-137]. Moreover, insulin encourages glycogenesis [138-150], lipogenesis
[151,152], and the incorporation of amino acids into proteins [153]. Thus, it acts as an anabolic
hormone, in contrast to glucagon's catabolic effects. These two hormones have contrasting effects
and collaborate to maintain glucose homeostasis. Insulin is secreted in response to elevated blood
glucose levels (hyperglycemia) and lowers blood glucose by prompting cells to take glucose from the
bloodstream for energy or storage. Conversely, glucagon is released when blood glucose levels drop
(hypoglycemia). It triggers the liver to increase glucose production via glycogenolysis, thereby
increasing blood glucose levels [133].

[154] Energy homeostasis is regulated by the brain, which integrates chemical, hormonal, and neural
signals from peripheral organs such as adipose tissue, the pancreas, the liver, and the gut, thereby
creating the gut—brain axis [155,156] Signals from the periphery, like leptin and insulin, inform the
body about energy reserves, while gut factors convey nutrient information, including meal timing,
frequency, and composition. Disruptions in these pathways may contribute to unwanted weight gain,
obesity, and metabolic disorders such as dyslipidemia, prediabetes, and type 2 diabetes [157].
Glucagon-like peptide-1 (GLP-1) is key to the gut-brain axis and is released during meals for its incretin
effects, including boosting insulin secretion and improving post-meal glucose control. Additionally,
GLP-1 receptor agonists (GLP-1RAs) influence appetite and energy metabolism by acting on specific
brain regions [156].

[158] Systemic blood glucose homeostasis in humans is regulated by GLP-1, a peptide released from
intestinal L cells after food intake [128,159]. L cells in the gastrointestinal mucosa act as nutrient
sensors, releasing GLP-1 when exposed to sugars, amino acids, and fatty acids [129,160]. GLP-1,
released in the intestinal wall, activates enteroenteric reflexes that regulate gastric motility and slow
gastric emptying. It also stimulates vagal sensory nerve terminals in the intestinal wall, initiating
vagal-vagal autonomic reflexes that affect the endocrine pancreas [161]. Circulating GLP-1 acts as a
hormone in the pancreas, enhancing insulin secretion and inhibiting glucagon release. During the
postprandial phase, these actions collaborate to effectively lower blood glucose levels.
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Figure 6: Glucagon and insulin regulate blood glucose levels. When blood glucose is low, glucagon from the
pancreas stimulates glycogenolysis to raise blood glucose levels. After eating, insulin is released to facilitate
glucose uptake in muscle and fat tissues and promote glycogenesis [133].

After eating, blood glucose levels rise as glucose from food enters the bloodstream, providing energy
for various biological functions, then fall during fasting [161]. To stimulate insulin secretion after
meals, the body uses two incretin hormones from the intestine: GLP-1 and GIP [7,162]. These
hormones, released after eating, stimulate insulin secretion from the pancreas, signaling cells to
absorb glucose for energy or storage, thereby reducing post-meal blood glucose spikes.

Incretin-Based Therapies for Obesity Research

[163] The regulation of body weight is primarily mediated by the brain and adipose tissue (Figure 7),
which continuously processes information about the body's energy status to regulate food intake,
feelings of fullness, and energy balance [67,164,165]. Hormones play a role in the gut-brain-fat
communication pathway, including:

¢ Adipokines:
o Leptin
o Adiponectin
o Liver-secreted hormone:
o Fibroblast growth factor 21 (FGF21)
e Glucagon:
o Produced by pancreatic a cells
e Gastrointestinal peptides:
o Ghrelin
o Peptide YY (PYY)
o Cholecystokinin (CCK)
e Incretins:
o Glucagon-like peptide-1 (GLP-1)
o Glucose-dependent insulinotropic polypeptide (GIP)
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These hormones collectively contribute to the intricate communication system between the gut and

brain [164].
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Figure 7: The signaling pathways and metabolic processes affected by endogenous GLP-1, GIP, and glucagon
hormones in target tissues [163].

Additionally, enhanced GCGR signaling has been shown to reduce body weight by decreasing food
intake [174-176] and increasing energy expenditure [173,176-178], and to influence lipid metabolism
by promoting lipolysis and suppressing lipogenesis [179-182]. Furthermore, glucagon can inhibit
gastric motility [183] and enhance renal glomerular filtration [184], and it also exhibits significant
cardiovascular effects, including increased heart rate, cardiac contractility, and cardiac output [185].
Together, these findings suggest that GCGR agonism may be a promising strategy for treating
metabolic diseases associated with obesity, particularly when combined with therapies that mitigate
glucagon’s immediate glycemic and cardiovascular effects [163].

Examining the role and effects of glp-1 receptor agonists (single agonists) in medicine

A GLP-1R agonist is a peptide analog of GLP-1 that facilitates weight loss. It has been shown to be
effective in helping individuals with obesity achieve significant weight reduction when combined
with lifestyle modifications, such as reduced caloric intake and increased physical activity, compared
with relying solely on lifestyle changes [186]. Peptide-based GLP-1R agonists, including Semaglutide,
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lixisenatide, liraglutide, dulaglutide, and exenatide, vary in molecular structure, size, pharmacological
properties, efficacy, and safety, offering distinct benefits tailored to individual needs [187]. Non-
peptide therapies may present advantages over their peptide counterparts. Typically, peptide-based
therapies are large molecular-weight compounds that require injections. In contrast, non-peptide
GLP-1R agonists, such as orforglipron, or positive allosteric modulators like V-0219, can be
administered orally [188-190]. These non-peptide GLP-1R agonists are currently undergoing clinical
trials.

[191] GLP-1 receptor agonists, originally developed for managing type 2 diabetes (DM2), improve
glycemic control and promote weight loss. They work by delaying gastric emptying, suppressing
appetite, and enhancing feelings of fullness, making them a potential treatment for obesity in both
diabetic and non-diabetic individuals [192]. Exenatide, approved by the FDA in April 2005, was the
first GLP-1 receptor agonist. It is used as an adjunct to glycemic control in patients with Type 2
diabetes already on metformin, a sulfonylurea, or both [193]. Initial trials of exenatide, administered
twice daily, demonstrated both safety and effectiveness, with notable improvements in glycemic
control and weight loss among patients with Type 2 diabetes [194,195]. Exenatide evolved into an
extended-release formulation, showing positive outcomes for individuals with type 2 diabetes
(DM2). Its use expanded to aid weight management in those with obesity or being overweight
without diabetes. Long-term studies (up to 6 years) confirmed its safety, sustained glycemic control,
moderate weight loss, and a low risk of hypoglycemia [196-200].

Liraglutide was approved for Type 2 Diabetes treatment in January 2010 as an adjunct therapy for
glycemic control, following exenatide. A 2009 consensus from the American Diabetes Association
and the European Association for the Study of Diabetes recommended GLP-1 receptor agonists for
situations where reducing hypoglycemia and promoting weight loss were essential [201]. After
observing the encouraging results of liraglutide in managing glycemic levels and promoting weight
loss in type 2 diabetes (DM2), a higher-dose formulation (3.0 mg) was specifically developed for
weight management. This formulation, known as Saxenda®, received FDA approval for weight loss in
individuals with obesity or those who are overweight and experiencing related comorbidities in 2014,
followed by approval from the European Medicines Agency (EMA) in 2015 [202-205].

Building on the achievements of exenatide and liraglutide, several additional GLP-1 receptor agonists
have been introduced, including dulaglutide, lixisenatide, semaglutide (SMG), and tirzepatide [206-
208]. SMG stands out as a promising option for improved glycemic control and weight reduction
compared with other GLP-1 receptor agonists [203,209-211]. The benefits include various
formulations (subcutaneous and oral), multiple dosing options, a lower risk of cardiovascular events,
and substantial research supporting its use in conditions such as hepatic steatosis, sleep apnea,
obesity-related heart failure with preserved ejection fraction, and DM2 prevention in prediabetic
individuals [212-222]. SMG (Ozempic®) received FDA approval in December 2017 and EMA approval
in February 2018 for the treatment of DM2. Later, SMG (Wegovy®) was approved by the FDA in June
2021 and by the EMA in January 2022 for weight management in adults with obesity or those
overweight with comorbidities [191].
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The weight-lowering effects of SMG involve central and peripheral mechanisms regulating appetite,
energy balance, and metabolism (Figure 8). Central effects include GLP-1 stimulation of anorexigenic
neurons (POMC and CART) and inhibition of orexigenic neurons (NPY and AgRP) in the hypothalamus.
This hormone interaction, influenced by leptin, leads to reduced hunger and increased fullness,
supporting sustained weight loss [223,224]. SMG slows gastric emptying, prolongs digestion, and
promotes early satiety, reducing calorie intake and postprandial glucose spikes for better metabolic
control. Some studies also indicate that GLP-1 receptor agonists may enhance energy expenditure by
increasing thermogenesis in brown adipose tissue. [193,225].
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Figure 8: Mechanism of Semaglutide in Managing Obesity [191].

SMG is a modified GLP-1 analog with a half-life of about one week due to amino acid replacements
and fatty acid attachment, enhancing its albumin affinity and protecting it from dipeptidyl peptidase-
4 (DPP-4) degradation. It is administered weekly via subcutaneous injection at various doses (0.25 mg
to 2.4 mg) or taken orally daily (Ribelsus®) in doses of 3 mg, 7 mg, or 14 mg. With 94% amino acid
sequence homology to endogenous GLP-1, it effectively mimics its physiological effects, aiding
glycemic control and body weight management [207,226].

Current GLP-1 receptor agonists vary in binding affinity, activation dynamics, and effects, impacting
clinical outcomes. Short-acting agents such as exenatide and liraglutide mimic natural GLP-1 secretion
but require more frequent dosing and have modest effects on glucose and weight. In contrast, long-
acting agents such as liraglutide, SMG, dulaglutide, and tirzepatide provide continuous receptor
activation, leading to better appetite suppression, improved glycemic control, and more significant
weight loss. Notably, SMG at a weekly dose of 2.4 mg showed greater average weight loss than
liraglutide, which is approved for weight management [227,228].

Examining the role and effects of glp-1 and gip receptor agonists (dual agonists) in medicine
[229] A thorough understanding of multireceptor agonists is crucial for predicting the effectiveness of
drugs for metabolic diseases. Most agonists in development target the GLP-1 receptor while also
acting on the GIP and GCG receptors. An ideal drug should combine receptor potency, activate
intracellular signaling, and have a pharmacokinetic profile that enhances efficacy beyond that of
selective GLP-1R agonists. Tirzepatide, currently in phase 3 trials, serves as a benchmark for future
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multireceptor agonists [230,231].

While GIP agonists alone do not appear to slow gastric emptying or have a significant impact on food
intake and appetite, the reasons for this are still not fully understood. Tirzepatide stands out as a
groundbreaking dual agonist targeting both GLP-1R and GIPR. Nonetheless, the combined action of
GLP-1 and GIPR agonists works synergistically, offering greater benefits than GLP-1R agonists used
independently [157,232-235]. These dual GLP-1R and GIPR agonists, often referred to as
“twincretins,” also appear to minimize side effects due to their combined mechanisms of action [235].
The benefits of these dual agonists have spurred research into developing therapies that target
multiple mechanisms.

Tirzepatide is an imbalanced dual agonist that prioritizes GIP receptor activity over GLP-1 receptor
activity, with equal affinity for GIPR but 5-fold weaker for GLP-1R. This design may enhance
effectiveness while reducing gastrointestinal side effects like nausea. Its pharmacological profile
enables effective GIPR engagement while minimizing GLP-1-related tolerability issues. Additionally,
its C20 unsaturated di-acid acyl chain improves albumin binding, supporting once-weekly dosing
[236,237]. Besides convenience, this pharmacokinetic trait may enhance pharmacodynamics, as
sustained levels of selective GLP-1R agonists improve clinical efficacy [238,239]. Tirzepatide shows
notable effects on glucose management and body weight in studies [88,236,240]. Tirzepatide has
strong effects on glucose regulation and body weight, yet its mechanism of action is not fully
understood [229].
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According to [241], Tirzepatide offers dosing flexibility, with options ranging from 2.5 mg to 15 mg per
0.5 Ml injection [242]. Its unique molecular structure, consisting of a linear peptide backbone with 39
amino acids and an acyl fatty-chain conjugation, contributes to a favorable pharmacokinetic profile
by enhancing albumin binding and extending its half-life [243]. Tirzepatide exhibits a remarkable
bioavailability of 81%, with peak plasma concentrations occurring at 48 hours post-administration
(with a range of 12—96 hours) [244,245]. Importantly, its half-life of 117 hours (approximately 5 days)
supports a once-weekly dosing schedule [136,246]. Although tirzepatide is currently approved solely
as an adjunct therapy to improve glycemic control in adults with T2DM, clinical trials have shown
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significant reductions in body weight across all dosage groups, along with other notable metabolic
improvements [247-249]. The mechanism of action for tirzepatide is depicted in (Figure 9).

Examining the role and effects of glp-1, gip, and gcgr receptor agonists (triple agonists) in
medicine

The emergence of GLP-1R, GIPR, and GCGR poly-agonists heralds a new phase in obesity treatment.
[250] A groundbreaking therapy that targets all previously discussed molecules is the triple-receptor
agonist retatrutide. This synthetic peptide functions as an agonist for the GLP-1, GIP, and CCG
receptors (Figure 10). The design of retatrutide enables it to bind specifically to these receptors [251].

Mechanisms of Action of Retatrutide

GLP-1
receptor Suppress appetite
and slow digestion

GIP

receptor Increase fat
ol

Improved
glycemic
control

Increase insulin
sensitivity

Glucagon
receptor

48 weeks

Figure 10: Retatrutide’s mechanisms of action.

Retatrutide is a single continuous helix that navigates the receptor's transmembrane domain through
its N-terminal segment. Its C-terminus interacts with the extracellular domains of the GLP-1 and GIP
receptors. It shows higher potency at the human GIP receptor than at the GLP-1 and glucagon
receptors [252]. Retatrutide's action is dose-dependent, reducing gastric emptying, and it has a half-
life of 6 days, allowing for weekly dosing. It is mainly metabolized in the liver and does not affect
cytochrome P450 enzymes [253]. The effects include significant weight loss and a reduction in HbAlc
levels [254]. The most common adverse effects reported are nausea, diarrhea, vomiting, and
constipation, leading to many therapy discontinuations, particularly at higher doses. Practical studies
indicate that GLP-1RA discontinuation rates can reach 20% to 50% in the first year, with patients often
using lower doses than those in clinical trials [255]. Less common adverse effects include a temporary
rise in alanine aminotransferase (ALT) levels, increased heart rate, and skin hyperesthesia [256].

The FDA approval process for retatrutide may take several years, as extensive phase 3 trials are
expected to continue until 2025 [257]. Preclinical studies showed that retatrutide aids weight loss and
improves glycemic control in mice. A trial with a single dose in healthy individuals indicated it is well-
tolerated and significantly impacts appetite regulation and weight loss. This meta-analysis aims to
assess the safety and effectiveness of retatrutide for weight reduction and better metabolic outcomes
in obese individuals [252,258-260].

Experimentation and Limitations
This exploratory observation involved a small number of adult volunteers who independently elected
to self-administer retatrutide according to the dosing schedules outlined in (Tables 1 and 2). The
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formulation utilized was retatrutide at a concentration of 20 mg/mL. Participants were monitored
periodically for changes in body weight, metabolic parameters, tolerability, and adverse events.

Preliminary observations suggested potential improvements in selected metabolic markers and body-
weight-related outcomes among some participants. However, these findings should be interpreted
with caution due to the exploratory nature of the observation and the absence of a controlled study
design.

Several important limitations must be acknowledged. The sample size was small, limiting the
generalizability of the findings. Participants were not randomized, and no placebo or comparison
group was included. Self-administration may have introduced variability in dosing accuracy,
adherence, lifestyle factors, and outcome reporting.

Additionally, the observation period may not have been sufficient to evaluate long-term efficacy,
safety, or sustainability of treatment effects. Because retatrutide remains under clinical investigation,
the observations reported here should not be considered evidence of clinical efficacy or safety.
Further research involving larger, randomized, controlled clinical trials is required to establish the
therapeutic benefits, optimal dosing strategies, and long-term safety profile of retatrutide.

Assuming the concentration is:
e 10mg/mL
e mL =100 units =10 mg
e Therefore 1 unit=0.01 mL=0.1 mg

Suggested Dosage

Units 25 30 | 35 40 45 | 50 55 60 65 | 70 75 80 85 90 100
mL 025| 030 | 035 040 | 045 | 0.50 0.55| 0.60| 065| 070 | 0.75 | 0.80 0.85| 090| 1.00
mg 25 30 | 35 4.0 45 | 5.0 5.5 6.0 65| 7.0 7.5 8.0 85 9.0 10

Table 1: Represents the retatrutide dosage and equivalent.

(Table 1) shows the schedule: increases of 0.5 mg every week from 2.5 mg to 10 mg. While the
arithmetic is correct, many peptide titration schedules increase more slowly (often every 2—4 weeks)
to reduce gastrointestinal side effects. Whether this schedule is appropriate depends on the specific
retatrutide protocol, product concentration, and the prescribing clinician's instructions.

Suggested dosage per week:

Week 14 Week 1 Week 2 Week 3 Week 4
4 25Units 30U 35U 40U

Week 5 Week5 Week 6 Week 7 Week 8
8 45 Units 50U 55U 60U

Week 9 Week9 Week 10 Week 11 Week 12
12 65 Units 70U 75U 80U
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Week Week 9 Week 10 Week 11 Week 12

13-16 | 85 Units 90U 95U 100U
Week 17- 100 Units/week
onward

Table 2: Represents retatrutide weekly dosage.

The potential applications of retatrutide, whether in managing diabetes, obesity, or other metabolic
disorders, could revolutionize treatment approaches, offering hope to those who previously had no
viable options.

Summary

This review examined the synergistic interactions among glucagon-like peptide-1 (GLP-1), glucose-
dependent insulinotropic polypeptide (GIP), and glucagon receptor (GCGR) agonists in regulating appetite,
insulin sensitivity, glucose homeostasis, and energy expenditure. The evidence demonstrates that these
hormones act through complementary physiological pathways involving the gut-brain axis, pancreatic
endocrine function, adipose tissue metabolism, and hepatic energy regulation. GLP-1 primarily enhances
insulin secretion, delays gastric emptying, suppresses appetite, and promotes weight loss. GIP contributes
to glucose-dependent insulin secretion, improves adipose tissue function, and may enhance the
therapeutic effects of GLP-1 when used in combination. GCGR activation increases energy expenditure,
promotes lipid oxidation, and supports weight reduction through hepatic and central metabolic pathways.

The review further evaluated the evolution of incretin-based therapies from single-receptor agonists such
as semaglutide, to dual agonists such as tirzepatide, and emerging triple agonists such as retatrutide.
Clinical and preclinical evidence suggests that multi-receptor agonists achieve greater reductions in body
weight and improvements in glycemic control than single-receptor therapies by targeting multiple aspects
of metabolic regulation simultaneously. These findings highlight the growing therapeutic potential of
combined activation of the GLP-1, GIP, and GCGR receptors for the treatment of obesity, type 2 diabetes
mellitus, and related metabolic disorders.

Discussion

The findings of this review support the concept that obesity and type 2 diabetes are multifactorial
disorders requiring therapeutic approaches that address several physiological systems simultaneously.
While GLP-1 receptor agonists have transformed obesity and diabetes management through appetite
suppression and improved glycemic control, their effects may be enhanced when combined with agonism
at the GIP and GCGR receptors. The complementary actions of these hormones create a synergistic
metabolic response that extends beyond glucose regulation alone.

GLP-1 exerts potent anorectic effects through the hypothalamus and gut-brain axis, leading to reduced
caloric intake and improved insulin sensitivity. GIP, once considered primarily an obesogenic hormone,
has demonstrated beneficial metabolic effects when combined with GLP-1 receptor activation, including
enhanced insulin secretion, improved adipose tissue function, and reduced gastrointestinal adverse
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effects. The success of tirzepatide illustrates how dual receptor activation can outperform traditional GLP-
1 receptor agonists in achieving weight loss and glycemic improvement.

GCGR agonism introduces an additional therapeutic dimension by increasing energy expenditure,
stimulating lipid metabolism, and reducing hepatic fat accumulation. Although glucagon alone may
increase glucose production and limit its use as monotherapy, its combination with GLP-1 and GIP
receptor agonism appears to offset these limitations while preserving its metabolic benefits. Emerging
agents such as retatrutide exemplify this strategy by simultaneously targeting appetite suppression,
insulin regulation, and energy expenditure.

Despite the promising outcomes, several challenges remain. Long-term safety, cardiovascular effects,
treatment adherence, gastrointestinal tolerability, and cost-effectiveness require further investigation. In
addition, the precise mechanisms underlying GIP receptor agonism and its contribution to weight loss
remain incompletely understood. Future studies should focus on identifying optimal receptor activation
ratios, patient-specific treatment strategies, and long-term clinical outcomes to maximize therapeutic
efficacy while minimizing adverse effects.

The findings of this review support the concept that obesity and type 2 diabetes are multifactorial
disorders requiring therapeutic approaches that address several physiological systems simultaneously.
While GLP-1 receptor agonists have transformed obesity and diabetes management through appetite
suppression and improved glycemic control, their effects may be enhanced when combined with agonism
at the GIP and GCGR receptors. The complementary actions of these hormones create a synergistic
metabolic response that extends beyond glucose regulation alone.

GLP-1 exerts potent anorectic effects through the hypothalamus and gut-brain axis, leading to reduced
caloric intake and improved insulin sensitivity. GIP, once considered primarily an obesogenic hormone,
has demonstrated beneficial metabolic effects when combined with GLP-1 receptor activation, including
enhanced insulin secretion, improved adipose tissue function, and reduced gastrointestinal adverse
effects. The success of tirzepatide illustrates how dual receptor activation can outperform traditional GLP-
1 receptor agonists in achieving weight loss and glycemic improvement.

GCGR agonism introduces an additional therapeutic dimension by increasing energy expenditure,
stimulating lipid metabolism, and reducing hepatic fat accumulation. Although glucagon alone may
increase glucose production and limit its use as monotherapy, its combination with GLP-1 and GIP
receptor agonism appears to offset these limitations while preserving its metabolic benefits. Emerging
agents such as retatrutide exemplify this strategy by simultaneously targeting appetite suppression,
insulin regulation, and energy expenditure.

Despite the promising outcomes, several challenges remain. Long-term safety, cardiovascular effects,
treatment adherence, gastrointestinal tolerability, and cost-effectiveness require further investigation. In
addition, the precise mechanisms underlying GIP receptor agonism and its contribution to weight loss
remain incompletely understood. Future studies should focus on identifying optimal receptor activation
ratios, patient-specific treatment strategies, and long-term clinical outcomes to maximize therapeutic
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efficacy while minimizing adverse effects.

Recommendation

Based on the findings of this review, several important areas warrant further investigation to advance the
clinical application of GLP-1, GIP, and GCGR receptor agonists for the management of obesity and
metabolic disease.

Future research should focus on elucidating the molecular mechanisms underlying interactions among
GLP-1, GIP, and GCGR receptors, optimizing receptor activation ratios, and evaluating the long-term safety
and efficacy of multi-receptor agonists. Large-scale clinical trials are needed to establish patient-specific
treatment strategies, assess cardiovascular and metabolic outcomes, and determine the cost-
effectiveness of these therapies. A deeper understanding of gut—brain—metabolic signaling pathways will
facilitate the development of personalized therapeutic approaches and advance next-generation incretin-
based treatments for obesity, type 2 diabetes mellitus, and related metabolic disorders.

Conclusion

The collective evidence reviewed in this study indicates that the combined activation of the GLP-1, GIP,
and GCGR pathways offers a highly promising strategy for treating obesity, type 2 diabetes mellitus, and
other metabolic disorders. These hormones work through interconnected mechanisms that regulate
appetite, enhance insulin sensitivity, improve glucose homeostasis, increase energy expenditure, and
promote weight reduction. The synergistic effects observed with dual- and triple-receptor agonists
suggest that multi-target therapies can provide superior metabolic benefits compared with single-
receptor approaches.

Advances in pharmacological development, particularly with agents such as tirzepatide and retatrutide,
demonstrate the potential of next-generation incretin-based therapies to reshape the management of
metabolic disease. As research continues to clarify the molecular mechanisms and long-term outcomes
associated with these treatments, combined agonism of the GLP-1, GIP, and GCGR receptors may become
a cornerstone of future therapeutic strategies to address the growing global burden of obesity and
diabetes. Ultimately, a comprehensive understanding of hormonal interactions within the gut-brain-
metabolic axis will be essential for developing more effective, personalized, and durable interventions for
metabolic health.
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