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ABSTRACT

Type 2 diabetes mellitus represented a global metabolic crisis characterized by progressive beta cell dysfunction,
insulin resistance, and chronic hyperglycemia. Traditional incretin-based therapies targeting glucagon-like peptide
1 (GLP-1) receptors have demonstrated glycemic efficacy, yet residual metabolic dysfunction persists in many
patients. Glucose-dependent insulinotropic polypeptide (GIP), the other major incretin hormone, has emerged as a
complementary therapeutic target with distinct metabolic actions. This review examined the biochemical
mechanisms, clinical efficacy, and metabolic benefits of dual GIP/GLP-1 receptor agonists in type 2 diabetes
management, with emphasis on glycemic control, weight reduction, and cardiometabolic outcomes. A comprehensive
synthesis of preclinical mechanistic studies, phase 2 and 3 clinical trials, and comparative effectiveness research was
conducted to evaluate dual agonist pharmacology and therapeutic impact. Dual receptor agonists demonstrated
superior glycemic control compared to selective GLP-1 agonists, with hemoglobin Alc reductions exceeding 2.0
percent and substantial weight loss of 10 to 15 percent of body weight. The synergistic effects arose from
complementary actions on insulin secretion, glucagon suppression, energy expenditure, and adipose tissue
metabolism. Enhanced beta cell function, improved insulin sensitivity, and favorable effects on hepatic steatosis and
lipid profiles contribute to comprehensive metabolic improvement. Dual GIP/GLP-1 receptor agonists represented
a paradigm advancement in diabetes pharmacotherapy, offering superior efficacy through integrated incretin
signaling and addressing multiple pathophysiological defects underlying type 2 diabetes.
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INTRODUCTION

Glucose-dependent insulinotropic polypeptide and glucagon-like peptide 1 constitute the two principal incretin
hormones secreted from enteroendocrine cells in response to nutrient ingestion [1-47]. GIP, produced by duodenal
and jejunal K cells, and GLP-1, secreted by ileal L cells, collectively account for the incretin effect whereby oral
glucose administration elicits greater insulin secretion than equivalent intravenous glucose delivery [5-97. While
both hormones stimulate glucose-dependent insulin secretion from pancreatic beta cells, their receptor distributions
and downstream signaling pathways differ substantially. GIP receptors exhibit expression in pancreatic islets,
adipocytes, bone, and central nervous system, whereas GLP-1 receptors predominate in pancreatic islets,
gastrointestinal tract, cardiovascular tissues, and hypothalamic regions. These distinct expression patterns underlie
divergent physiological effects beyond glucose homeostasis, including differential modulation of lipid metabolism,
bone turnover, and energy balance [10-157].

The therapeutic exploitation of incretin biology initially focused on GLP-1 receptor agonism, yielding multiple
approved agents with demonstrated efficacy in glycemic control, weight reduction, and cardiovascular risk
mitigation [16-197]. However, the role of GIP in type 2 diabetes pathophysiology remained controversial for decades.
Early observations documented impaired GIP secretion and diminished insulinotropic response to exogenous GIP
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in diabetic patients, leading to speculation that GIP signaling contributed to metabolic dysfunction [20-257.
Subsequent research revealed preserved GIP receptor expression in diabetic islets and demonstrated that GIP
receptor activation enhances beta cell function, suppresses glucagon secretion under hyperglycemic conditions, and
promotes favorable adipose tissue remodeling. Furthermore, preclinical studies established that combined GIP and
GLP-1 receptor stimulation produces synergistic metabolic effects exceeding those achieved by selective agonism
of either receptor alone. This review is to critically evaluate the biochemical mechanisms, clinical efficacy, and
comprehensive metabolic benefits of dual GIP/GLP-1 receptor agonists in the management of type 2 diabetes
mellitus [26-307.

Molecular Mechanisms and Receptor Pharmacology

Dual GIP/GLP-1 receptor agonists are engineered peptides designed to simultaneously activate both incretin
receptors with balanced or differential potency ratios [31-857]. The prototypical molecule tirzepatide exemplifies
this class, featuring a GIP-based peptide backbone with strategic amino acid substitutions that confer GLP-1
receptor agonist activity while maintaining high affinity GIP receptor binding. The molecular architecture
incorporates fatty acid modifications that enable albumin binding, prolonging circulating half-life to permit once
weekly subcutaneous administration. Receptor activation initiates G protein-coupled signaling cascades, primarily
through Gs protein coupling and adenylyl cyclase activation, generating cyclic adenosine monophosphate as the
principal second messenger [36-407]. Elevated intracellular cyclic adenosine monophosphate activates protein kinase
A and exchange protein directly activated by cyclic adenosine monophosphate pathways, culminating in diverse
cellular responses including enhanced insulin granule exocytosis, increased beta cell proliferation and survival, and
modulation of gene transcription programs [41-45].

The synergistic metabolic effects of dual agonism derive from complementary and non-redundant receptor actions
across multiple tissues. In pancreatic beta cells, GIP receptor signaling potently stimulates glucose-dependent
insulin secretion and enhances beta cell mass through proliferative and anti-apoptotic mechanisms [46-50]. GLP-1
receptor activation similarly augments insulin secretion while additionally suppressing postprandial glucagon
release from alpha cells, an effect less pronounced with isolated GIP agonism. The glucose dependency of
insulinotropic actions minimizes hypoglycemia risk, as receptor-mediated insulin secretion diminishes when plasma
glucose concentrations decline below physiological thresholds. In adipose tissue, GIP receptor activation promotes
lipid storage in subcutaneous depots while simultaneously enhancing adipocyte insulin sensitivity and stimulating
lipolysis under appropriate metabolic conditions [51-547. This apparent paradox reflects context-dependent
signaling outcomes influenced by nutritional state and concurrent hormonal milieu. Conversely, GLP-1 receptor
agonism in hypothalamic neurons suppresses appetite and reduces food intake, contributing substantially to weight
loss effects.

Comparative pharmacological profiling reveals that dual agonists achieve superior glycemic control and weight
reduction compared to equipotent GLP-1 selective agonists, despite similar degrees of GLP-1 receptor activation
[565-60]. This superior efficacy implicates GIP receptor signaling as a critical contributor to metabolic improvement
beyond mere additive effects. Proposed mechanisms include GIP-mediated enhancement of adipose tissue insulin
sensitivity, which secondarily improves hepatic and skeletal muscle glucose metabolism, and GIP-dependent
increases in energy expenditure through activation of thermogenic programs in adipocytes. Additionally, GIP
receptor signaling in the central nervous system may complement GLP-1-mediated appetite suppression through
distinct neuronal circuits regulating energy balance. The molecular integration of dual receptor activation thus
addresses multiple pathophysiological defects characterizing type 2 diabetes, including insufficient insulin secretion,
excessive glucagon release, insulin resistance, and positive energy balance [61-64].

Clinical Efficacy in Glycemic Control

Pivotal phase 2 clinical trials have established dual GIP/GLP-1 receptor agonists as the most effective glucose-
lowering agents currently available for type 2 diabetes management [65-707]. The SURPASS clinical program
evaluated tirzepatide across diverse patient populations, including treatment naive patients, individuals inadequately
controlled on metformin or other oral agents, and those requiring intensification of basal insulin therapy. Across
this trial portfolio, tirzepatide demonstrated dose-dependent reductions in hemoglobin Alc ranging from 1.8 to 2.6
percent from baseline values, with highest doses achieving mean Alc levels below 6.0 percent in substantial
proportions of participants. Direct head-to-head comparisons with selective GLP-1 receptor agonists revealed
statistically significant and clinically meaningful superiority, with tirzepatide producing approximately 0.5 percent
greater Alc reductions compared to semaglutide, previously considered the most potent incretin-based therapy.
These glycemic improvements occurred rapidly, with maximal effects achieved within 12 to 16 weeks of treatment
initiation and sustained throughout trial durations extending to 52 weeks and beyond [71-757].

The glycemic efficacy of dual agonists translates to exceptionally high rates of achieving guideline-recommended
treatment targets. In treatment naive patients receiving tirzepatide monotherapy, between 87 and 92 percent of
participants achieved Alc levels below 7.0 percent, with 51 to 62 percent attaining Alc values below 5.7 percent,
effectively normalizing glucose homeostasis to nondiabetic ranges [76-807]. These target attainment rates
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substantially exceed those observed with any prior diabetes pharmacotherapy, including insulin regimens. Fasting
plasma glucose concentrations declined by 40 to 60 milligrams per deciliter, reflecting improved hepatic glucose
production and basal insulin secretion. Postprandial glucose excursions, assessed through continuous glucose
monitoring and standardized meal tests, demonstrated marked attenuation with peak glucose reductions of 60 to 80
milligrams per deciliter and decreased glycemic variability. Time in range metrics improved dramatically, with
treated patients spending greater than 90 percent of monitored time within target glucose ranges of 70 to 180
milligrams per deciliter.

Mechanistic insights from clinical pharmacology studies elucidate the determinants of superior glycemic efficacy.
Dual agonist therapy enhances both first-phase and second-phase insulin secretion responses to glucose challenge,
as demonstrated through hyperglycemic clamp studies and meal tolerance tests [81-84]. Beta cell function indices,
including homeostatic model assessment for beta cell function and insulinogenic index calculations, improve
substantially during treatment. Simultaneously, glucagon secretion becomes appropriately suppressed during
hyperglycemia while preserving counter-regulatory glucagon responses to hypoglycemia. Insulin sensitivity,
quantified through hyperinsulinemic euglycemic clamp methodology and surrogate measures including homeostatic
model assessment for insulin resistance, improves markedly in parallel with weight loss and favorable body
composition changes. The integration of enhanced insulin secretion, appropriate glucagon regulation, and improved
insulin sensitivity comprehensively addresses the pathophysiological triad underlying type 2 diabetes, explaining
the unprecedented glycemic efficacy observed in clinical trials.

Weight Reduction and Body Composition Effects

Weight loss represents a defining characteristic of dual GIP/GLP-1 receptor agonist therapy, with magnitude
exceeding that achieved by selective GLP-1 agonists and approaching effects observed with bariatric surgical
interventions [85-87. Clinical trials consistently demonstrate dose-dependent weight reductions ranging from 7
to 15 percent of baseline body weight over 40-to-52-week treatment periods. In the SURPASS-2 trial comparing
tirzepatide to semaglutide 1.0 milligram, the highest tirzepatide dose produced mean weight loss of 11.2 kilograms
compared to 5.7 kilograms with semaglutide, representing a near doubling of weight reduction efficacy [88-907.
Importantly, weight loss continues progressively throughout the first year of treatment without plateau, suggesting
potential for further reduction with extended therapy. Subgroup analyses reveal consistent weight loss benefits
across demographic categories, baseline body mass index strata, and diabetes duration, although absolute weight
reductions correlate with initial body weight.

The mechanisms underlying enhanced weight loss with dual agonism involve both central appetite regulation and
peripheral metabolic effects. GLP-1 receptor activation in hypothalamic arcuate nucleus and brainstem neurons
suppresses appetite through modulation of neuropeptide Y, proopiomelanocortin, and other feeding-regulatory
circuits [91-947]. Patient-reported outcomes and behavioral assessments document reduced hunger, earlier satiety,
decreased food cravings, and diminished preference for energy-dense foods. However, the incremental weight loss
benefit of dual agonists beyond GLP-1 selective agents cannot be fully explained by appetite suppression alone.
Emerging evidence implicates GIP receptor signaling in energy expenditure enhancement through multiple
pathways. GIP promotes adipose tissue browning, converting metabolically inert white adipocytes to
thermogenically active beige adipocytes expressing uncoupling protein 1. Additionally, GIP influences physical
activity energy expenditure and modulates nutrient partitioning, favoring oxidation over storage [92-957.

Body composition analyses using dual-energy X-ray absorptiometry and magnetic resonance imaging reveal that
weight loss with dual agonists comprises predominantly fat mass reduction with relative preservation of lean muscle
mass. FFat mass decreases by 60 to 70 percent of total weight loss, with preferential reductions in visceral adipose
tissue depots [28, 297]. Visceral fat area diminishes by 30 to 40 percent, contributing to improved insulin sensitivity
and reduced cardiometabolic risk. Subcutaneous adipose tissue also decreases, though proportionally less than
visceral depots, suggesting favorable adipose tissue remodeling [307. Lean mass declines modestly, representing 20
to 30 percent of total weight loss, comparable to lean mass loss observed with lifestyle intervention and substantially
less than that accompanying severe caloric restriction. Maintenance of lean mass during pharmacologically induced
weight loss distinguishes dual agonists from purely anorexigenic interventions and contributes to preservation of
metabolic rate and functional capacity.

Cardiometabolic and Hepatic Benefits

Beyond glycemic control and weight reduction, dual GIP/GLP-1 receptor agonists confer comprehensive
cardiometabolic benefits addressing multiple components of diabetic disease burden [317]. Blood pressure reductions
of 5 to 8 millimeters of mercury systolic and 2 to 4 millimeters of mercury diastolic occur consistently across clinical
trials, mediated partly by weight loss and potentially through direct vascular effects including endothelial function
improvement and arterial stiffness reduction [827. Lipid profile improvements include triglyceride reductions of 20
to 80 percent, modest increases in high-density lipoprotein cholesterol, and variable effects on low-density
lipoprotein cholesterol. Atherogenic dyslipidemia, characterized by elevated triglycerides and small dense low-
density lipoprotein particles, improves substantially. Inflammatory biomarkers including high-sensitivity C-reactive
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protein decline significantly, suggesting systemic anti-inflammatory effects that may contribute to cardiovascular
risk reduction. Adipokine profiles shift favorably, with increased adiponectin and decreased leptin concentrations
reflecting improved adipose tissue function [337].

Cardiovascular outcomes trials are ongoing to definitively establish cardiovascular safety and potential benefit of
dual agonists. Preliminary meta-analyses of major adverse cardiovascular events from completed glycemic efficacy
trials demonstrate numerical reductions in cardiovascular death, myocardial infarction, and stroke, though
individual trials lacked statistical power for definitive cardiovascular endpoints [34, 857. The cardiovascular effects
likely result from multifactorial mechanisms including atherosclerosis progression attenuation through lipid
improvements and anti-inflammatory actions, blood pressure reduction, weight loss, and potential direct
cardioprotective receptor-mediated effects. GLP-1 receptors expressed in cardiomyocytes and vascular smooth
muscle may mediate protective signaling, while GIP receptors in endothelium and possibly myocardium could
contribute additional benefits. The integration of metabolic improvements with direct tissue effects positions dual
agonists as potentially disease-modifying agents for diabetic cardiovascular complications.

Hepatic steatosis and nonalcoholic fatty liver disease represent highly prevalent comorbidities in type 2 diabetes,
contributing to progressive liver dysfunction and cardiometabolic risk [86, 877]. Dual GIP/GLP-1 receptor agonists
demonstrate remarkable efficacy in reducing intrahepatic lipid content, with magnetic resonance imaging-proton
density fat fraction measurements showing reductions exceeding 30 percent from baseline. Resolution of steatosis,
defined as liver fat content below 5 percent, occurs in substantial proportions of treated patients. Liver enzyme
elevations, including alanine aminotransferase and aspartate aminotransferase, normalize in most patients with
baseline elevations. Advanced fibrosis biomarkers and non-invasive fibrosis scores improve, suggesting potential
regression of hepatic fibrosis, though histological confirmation through biopsy studies is limited. The mechanisms
underlying hepatic benefits include weight loss-mediated reduction in lipid delivery to liver, improved hepatic insulin
sensitivity with decreased de novo lipogenesis, enhanced fatty acid oxidation, and potential direct receptor-mediated
effects on hepatocyte lipid metabolism [38, 397.

Safety Profile and Gastrointestinal Tolerability

The safety profile of dual GIP/GLP-1 receptor agonists reflects their incretin-based mechanism, with
gastrointestinal side effects representing the most common treatment-emergent adverse events [40_. Nausea occurs
in 15 to 30 percent of patients, typically mild to moderate in severity and transient, with highest incidence during
dose escalation phases. Vomiting affects 5 to 15 percent of patients, and diarrhea occurs with similar frequency.
Treatment discontinuation due to gastrointestinal adverse events ranges from 4 to 7 percent across clinical trials,
substantially lower than discontinuation rates with older incretin agents. Gradual dose titration strategies
effectively minimize gastrointestinal symptoms, allowing most patients to achieve therapeutic doses.
Mechanistically, gastrointestinal side effects result from delayed gastric emptying and central nervous system-
mediated nausea, effects common to GLP-1 receptor activation. Interestingly, some evidence suggests that GIP
receptor co-agonism may partially attenuate GLP-1-mediated nausea, potentially explaining the relatively favorable
tolerability profile compared to highest dose selective GLP-1 agonists.

Hypoglycemia risk with dual agonist monotherapy or combination with metformin remains minimal, consistent with
glucose-dependent insulin secretion mechanisms [417]. Clinically significant hypoglycemia, defined as glucose below
54 milligrams per deciliter, occurs in less than 1 percent of patients not receiving sulfonylureas or insulin. When
dual agonists are combined with insulin therapy, hypoglycemia risk increases necessitating proactive insulin dose
reductions of 30 to 50 percent upon treatment initiation. Sulfonylurea discontinuation is similarly recommended
before initiating dual agonist therapy. No increased risk of severe hypoglycemia requiring assistance has been
observed in clinical trials. Pancreatitis concerns, historically associated with incretin-based therapies, have not
materialized as a significant safety signal with dual agonists. Confirmed pancreatitis events occur at rates comparable
to or lower than placebo-treated or actively controlled comparator groups. Lipase elevations occur commonly but
rarely exceed three times the upper limit of normal and show poor correlation with pancreatitis development.
Cardiovascular safety analyses reveal no increased risk of major adverse cardiovascular events compared to placebo
or active comparators, with numerical trends favoring dual agonist treatment [42, 437. Heart rate increases of 2 to
4 beats per minute occur consistently, likely related to increased metabolic rate and sympathetic nervous system
modulation, though the clinical significance remains uncertain. Thyroid C-cell proliferation and medullary thyroid
carcinoma risk, observed in rodent toxicology studies with GLP-1 agonists, has not translated to increased human
risk based on extensive postmarketing surveillance of related agents. Nevertheless, dual agonists remain
contraindicated in patients with personal or family history of medullary thyroid carcinoma or multiple endocrine
neoplasia syndrome type 2. Diabetic retinopathy concerns emerged with rapid glucose lowering using earlier
diabetes therapies, but dual agonist trials have not demonstrated increased retinopathy progression. Long-term
safety surveillance through ongoing extension studies and postmarketing registries continues to characterize the
comprehensive safety profile of this therapeutic class.
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Future Directions and Research Priorities
Despite impressive clinical efficacy and comprehensive metabolic benefits, multiple knowledge gaps and research
priorities remain regarding dual GIP/GLP-1 receptor agonists. Long-term durability of glycemic control and
weight loss beyond 52 weeks requires further characterization, as most phase 3 trials concluded at one year.
Extension studies suggest sustained benefits through two years, but decade-long outcomes data comparable to those
available for metformin and insulin remain unavailable. Understanding whether dual agonist therapy modifies
underlying disease progression, potentially facilitating diabetes remission or preventing progression in high-risk
prediabetic individuals, represents a critical research question. Beta cell function preservation or restoration,
assessed through gold standard methodologies including hyperglycemic clamps and arginine stimulation testing,
merits detailed longitudinal investigation [447]. Whether treatment initiation earlier in the diabetes disease course
prevents progressive beta cell failure and alters long-term trajectories remains unknown.
Cardiovascular outcomes trials specifically designed to assess dual agonist effects on major adverse cardiovascular
events are currently enrolling and will provide definitive evidence regarding cardiovascular benefits [45, 467.
Subgroup analyses examining effects in patients with established cardiovascular disease, heart failure, and chronic
kidney disease will inform optimal patient selection and positioning within treatment algorithms. Renal outcomes,
including effects on diabetic nephropathy progression, albuminuria reduction, and kidney function preservation,
require dedicated investigation. Preliminary data suggest favorable renal effects, but adequately powered trials with
kidney-specific endpoints are needed. Liver-focused studies incorporating histological assessments through paired
liver biopsies before and after treatment would definitively establish whether dual agonists reverse hepatic fibrosis
and prevent progression to cirrhosis in patients with nonalcoholic steatohepatitis.
Mechanistic investigations into optimal GIP to GLP-1 receptor activation ratios could inform next-generation
molecule design [47, 487. Whether balanced dual agonism, GIP-predominant, or GLP-1-predominant receptor
activation produces superior outcomes across diverse patient phenotypes remains unresolved. Biomarker-guided
treatment selection, potentially incorporating genetic variants in incretin receptors, downstream signaling
molecules, or incretin secretion pathways, may enable precision medicine approaches. Combination strategies
integrating dual agonists with complementary mechanisms, including sodium-glucose cotransporter-2 inhibitors or
emerglng glucagon receptor antagonists, warrant investigation for potentlal additive or synergistic benefits. Health
economic analyses evaluating cost effectiveness, quality-adjusted life year gains, and long-term healthcare utilization
impacts will inform payer coverage decisions and healthcare system integration. Patient-centered outcomes research
examining quality of life, treatment satisfaction, and patient preference should complement traditional efficacy
endpoints to comprehensively assess value propositions of dual agonist therapy.

CONCLUSION
Dual GIP/GLP-1 receptor agonists represent a transformative advancement in type 2 diabetes pharmacotherapy,
delivering unprecedented glycemic control, substantial weight reduction, and comprehensive cardiometabolic
benefits through integrated incretin receptor signaling. The molecular pharmacology of simultaneous GIP and
GLP-1 receptor activation addresses multiple pathophysiological defects underlying type 2 diabetes, including
impaired insulin secretion, excessive glucagon release, insulin resistance, and positive energy balance. Clinical trial
evidence demonstrates superior efficacy compared to all existing glucose-lowering therapies, with hemoglobin Alc
reductions exceeding 2.0 percent, weight loss approaching 15 percent of body weight, and normalization of glucose
metabolism to nondiabetic ranges in substantial patient proportions. Mechanisms underlying superior efficacy
involve synergistic effects on pancreatic islet function, adipose tissue metabolism, hepatic glucose production, and
central nervous system regulation of appetite and energy expenditure. Beyond glycemic endpoints, dual agonists
improve multiple cardiovascular risk factors including blood pressure, atherogenic dyslipidemia, and systemic
inflammation, with ongoing outcomes trials poised to establish definitive cardiovascular benefits. Remarkable
reductions in hepatic steatosis and improvements in liver enzymes suggest therapeutic potential for nonalcoholic
fatty liver disease, a prevalent and prognostically significant comorbidity in diabetes. The safety profile appears
acceptable, with predominantly mild to moderate gastrointestinal side effects and minimal hypoglycemia risk when
used appropriately. The integration of superior efficacy, comprehensive metabolic benefits, and acceptable
tolerability positions dual GIP/GLP-1 receptor agonists as preferred therapeutic options for many patients with
type 2 diabetes, particularly those with obesity and cardiometabolic complications. As long-term outcomes data
accumulate and mechanistic understanding deepens, these agents may fundamentally reshape diabetes treatment
paradigms and potentially modify disease trajectories. Healthcare systems should prioritize access to dual
GIP/GLP-1 receptor agonists through formulary inclusion and reimbursement mechanisms while supporting long-
term cardiovascular and renal outcomes research to fully characterize the comprehensive disease-modifying
potential of this therapeutic class.
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