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Abstract: The incretin pathway is a self-regulating feedback system connecting the gut with the brain, pancreas, and liver. Its
predominant action is on the postprandial glucose levels, with extraglycemic effects on fat metabolism and endovascular function. Of
the two main incretin hormones released with food ingestion, the actions of glucagon-like peptide-1 (GLP-1) have been exploited for
therapeutic benefit. However, little attention has been paid to glucose-dependent insulinotropic polypeptide (GIP) until the recent
experimental introduction of dual agonists, or “twincretins”. Interestingly, simultaneous activation of both receptors is not only
replicative of normal physiology, it seems to be an innovative way to enhance their mutual salubrious actions. In patients with type 2
diabetes, dual agonists can have powerful benefits for glucose control and weight reduction. Additionally, there is mounting evidence
of their favorable cardiovascular impact, making them potentially appealing pharmacologic agents of choice in the future. Although
we seem to be poised on the horizons of exciting new breakthroughs, much knowledge has yet to be gained before these novel agents
are ready for prime time.
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Introduction: The Incretin Effect in Health and Disease
The gastrointestinal system has an intricate pathway of hormones that are released from the gut lining upon ingestion of food
and regulate glucose metabolism and appetite. The two predominant hormones that are responsible for postprandial insulin
secretion are glucagon-like peptide-1 (GLP-1) and glucose-dependent insulinotropic polypeptide (GIP). Insulin release is
higher after enteral, but not intravenous, glucose administration; however, this phenomenon is blunted in in the diabetic state
(Figure 1). The beneficial actions based on activation of the “entero-insular axis” are complex and multitargeted, involving the
gut, brain, pancreas, and liver.1 Not well-known until recently, this “incretin effect” is severely reduced in patients with type 2
diabetes (T2DM) and has been therapeutically exploited to develop an entirely new class of antidiabetic drugs.2 The
administration of GLP-1 agonists (GLP-1As) can sufficiently replace the action of incretins and lower glucose levels. Since
their debut, these novel agents have formed an important armamentarium in the management of T2DM. Lately, attention has
been directed to GIP and its role in glucose homeostasis, and efforts are underway to develop compounds that mimic GIP
actions in addition to those of GLP-1. The interplay between the two types of incretins is being explored so that greater
understanding might lead to increased glycemic and nonglycemic (eg, cardiovascular) benefits.

Synergy Between GLP-1 and GIP in the Healthy State: The Dual
Hypothesis
It is established that both GLP-1 and its agonists augment insulin secretion and attenuate postprandial excursions of
glucose. Efforts have focused on GLP-1RAs as a therapeutic option for T2DM since they inhibit appetite and food intake
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and improve glucose regulation. Although the hormones GLP-1 and GIP, as well as their receptors, are closely related,
GIP receptor (GIPR) activation seems to be devoid of these actions.3 In fact, the effects of GIPR activation on glycemia
and body weight have been controversial. In experimental animal models, GIPR agonists improved glycemia and
prevented obesity from high-fat diet.4 In the natural, healthy state, Central GIP signals decrease food intake and
overcome the weight-promoting effects of physiologic GIP levels in adipose tissues.5 As a synergistic action, body
weight reduction by GIPR/GLP-1R dual agonists is greater than GLP-1R single agonists alone in overweight and obese
persons.6 It appears that simultaneous activation of GLP-1R and GIPR might well have greater, multiplicative effect on
glucose-lowering abilities than either agent alone. Human studies indicate that the insulinotropic action of GIP is blunted
in individuals with severe hyperglycemia, in contrast to the intact action of GLP-1.7 Recent data shows that GIP is
responsible for a substantial portion of postprandial insulin secretion in T2DM and mild hyperglycemia in early disease.8

GIPR deficiency in mice leads to impaired glucose tolerance with reduced β-cell function,9 while GIP overexpression
results in improved glucose tolerance, enhanced β-cell function, and resistance to high-fat diet-induced obesity.10 These
hormones seem to work in tandem; GLP-1 inhibits glucagon secretion when plasma glucose concentration is high, while
GIP acts at lower glucose levels.11 Thus, the latter functions as both an ally and a rival in T2DM, depending upon the
glucose status, the stage in the natural history of the disease, and the degree of GIP-1 presence in the system. A
comparison of the various actions of these partner hormones in the T2DM patient is shown in Figure 2.

In a paradoxical fashion, postprandial hyperglucagonemia – a common finding in T2DM – contributes to glucose
excursions in the fed state.12 Glucagon’s stimulatory effect on endogenous hepatic glucose production is a prime culprit
in glucose elevations after meals. Glucagon seems to regulate energy homeostasis and body weight. Both incretin
hormones are known to modulate alpha cell glucagon secretion, albeit at different glucose levels and directions.
Pharmacological dual incretin receptor agonist therapies utilize effects on glucagon secretion that are of clinical
importance in antidiabetic regimens.13

“Twincretins”: Dual GLP-1 and GIP Receptor Agonists
Research on incretin-based therapies for T2DM has seen an exponential increase in the past three decades. The
development of a variety of GLP-1RAs with beneficial actions on both glycemia and body weight has been the hallmark
of pharmacologic progress in this arena. GLP-1RAs have indeed revolutionized the landscape, with the availability of
formulations that are conveniently administered in daily or weekly doses.14 GLP-1RAs work by potentiating glucose-
dependent insulin secretion from the β-cells of the pancreas accompanied by a low risk of hypoglycemia. Their desirable

Figure 1 A diagrammatic depiction of the incretin effect. Reprinted from Thompson A, Kanamarlapudi V. Type 2 Diabetes Mellitus and Glucagon Like Peptide-1 Receptor
Signalling. Clin Exp Pharmacol. 2013;3:4. Creative Commons license and disclaimer available from: http://creativecommons.org/licenses/by/4.0/legalcode.62
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action on body weight stems from central appetite suppression and retardation of gastric emptying;15 they also reduce
body weight by activating GLP-1R in the central nervous system and suppressing appetite. In addition, recent studies
indicate that some GLP-1R agonists, such as liraglutide, semaglutide, and dulaglutide, exert cardiovascular and renal
benefits, and are endorsed for use in patients with these complications.16 On the other hand, the investigational use of
GIPR agonists (GIPRAs) has not yielded similar advantages, partly because of a lack of understanding of GIP dose-
response actions.17 Indeed, pharmacologic responses to GIPRAs alone in patients with T2DM have been clinically
disappointing with respect to improvements in glucose and cardiorenal outcomes.18

With continued efforts in the development of newer antidiabetic agents, unimolecular GLP-1R/GIPR dual agonists
(“twincretins”) can provide added efficacy, especially among obese individuals with T2DM. Recent studies using GLP-
1R/GIPR dual agonists, especially the SURPASS clinical trials, have revealed beneficial effects of GIP activation when
used in conjunction with GLP-1RAs.19,20 Animal studies have borne out the concept of dual-receptor activation.21 For
example, in diet-induced obese mice, use of a novel GIP analogue enhanced GLP-1RA-induced body weight loss and
improved glycemic control secondary to suppression of food intake.22 There was amelioration of glucose and lipid
metabolism and improved β-cell mass in obese diabetic (db/db) mice with dual agonist use.

Encouragingly, GLP-1R/GIPR agonists have demonstrated favorable outcomes in T2DM when studied in human
clinical trials. The GLP-1R/GIPR dual agonist NNC 0090-2746 (Novo Nordisk) significantly improved hemoglobin A1c
(A1c) in T2DM (a reduction of −0.96% vs placebo) over a 12-week period, accompanied by a reduction in body
weight.23 When compared with liraglutide, the same agent reduced A1c by an equivalent amount but led to a significantly
greater reduction in weight by NNC 0090-2746 was significantly greater than that of liraglutide (a −1.17% decrease
compared to placebo). In another report, a 26-week treatment with the GLP-1R/GIPR dual agonist LY3298176
(Tirzepatide, Eli Lilly), showed significant reduction in A1c in an incremental, dose-dependent manner (4 doses from
1 mg to 15 mg, A1c reduction from −1.06% to −1.94% respectively).24 The comparators were 1.5 mg of the GLP-1R
dulaglutide and placebo (A1c reductions of –1.21 and −0.06% respectively). Both reductions in weight and

Figure 2 Pleiotropic actions of glucagon-like polypeptide-1 (GLP-1) and glucose-dependent insulinotropic polypeptide (GIP) in type 2 diabetes. Reprinted from Samms RJ,
Coghlan MP, Sloop KW. How may GIP enhance the therapeutic efficacy of GLP-1? Trends Endocrinol Metab. 2020;31(6):410–421. Creative Commons license and disclaimer
available from: http://creativecommons.org/licenses/by/4.0/legalcode.25 intended).
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gastrointestinal side-effects were more frequent in the LY3298176 arm than in the other two groups. These studies clearly
showed that the simultaneous activation of GIP and GLP-1 receptors was anti-obesogenic and could be utilized for its
therapeutic potential.

The individual actions of GLP-1R and GIPR activation are difficult to separate out; the possibility exists that dual
incretin receptor agonists work mainly by potent activation of the GLP-1R.25 However, the specific contribution of the
GIPR and GLP-1R to the pharmacological effects of dual incretin receptor agonism are currently undetermined. For
instance, unimolecular doses of the dual-receptor agonist tirzepatide has effects that closely resemble dulaglutide, a pure
GLP-1RA.26 Experiments in pancreatic islets reveal that β-arrestin limits the insulin response to GLP-1, but not GIP or
tirzepatide, suggesting that the biased agonism and imbalance of tirzepatide toward the GIP receptor and its unique GLP-1
receptor signaling properties might be at the basis of its potent action.27 Higher doses of tirzepatide were noted to
significantly ameliorate biomarkers related to fatty liver while increasing adiponectin levels in T2DM.28

Glucagon is released from pancreatic α-cells and promotes hepatic glycolysis and gluconeogenesis in the liver to
increase plasma glucose levels. Although GIP and its experimental analogs seem to have a glucagon-elevating effect, its
end-action on metabolic parameters, especially when GLP-1 is present, is neutral or tilted towards benefit.13 Further
research is needed to investigate the interconnected pathophysiologic roles of glucagon, GLP-1, and GIP while
determining the niche for “twincretin” therapy in T2DM.29

GIP Agonism as a Potential Therapeutic Approach for Atherosclerotic
Cardiovascular Disease
The cardioprotective actions of incretin-based agents, particularly the GLP-1RAs, have a bulk of supporting evidence in
the form of clinical studies.30 However, the role of GIP in the genesis and progression of cardiovascular disease (CVD)
remains to be elucidated. Since pharmacological doses of GIPRAs have been found to exert anti-obesity and anti-
inflammatory effects, it is tempting to propose that they could retard the atherosclerotic process and translate into
reduction of adverse clinical outcomes.31 Since there is significant residual CVD risk in patients with diabetes, even after
accounting for traditional risk factors, the development of novel therapeutic avenues is needed to address it.32,33 A
summary of the cardiovascular properties of GIP is presented in Table 1.

Both GIP and GLP-1 have been reported to exert direct effects on the cardiovascular system in addition to pancreatic beta
cells.34,35 However, the controversy surrounding the possible benefits of GIPR agonism stems from two main observations: its
impaired insulinotropic effects,36,37 and the prevention of weight gain by suppression of endogenous GIP-induced adipogenesis,-
38,39 However, these seemingly discouraging observations have been questioned by the finding of the central anorexic effects of
GIP,40–42 and benefits of the GLP-1R/GIPR dual agonist LY3298176 (tirzepatide) in diabetic and overweight individuals. An
intriguing and likely possibility is the potential function of GIP to enhance the actions of GLP-1.25,26 GIP is known to bind to the
GLP-1R/GIPR heterodimer, a member of the family of G protein-coupled receptors.43 Indeed, this may explain the potent
metabolic effects of tirzepatide when pitted against a GLP-1 agonist alone.44

The actions of GIP in vascular endothelial cells are notable for enhancing the intracellular calcium levels and nitric oxide
without affecting endothelin-1 production.45 GIP could exert both anti-atherogenic and pro-atherogenic effects, which may
depend on the types of endothelia studied (Figure 3).46 GIPR is expressed in monocytes that infiltrate vessel walls and
differentiate into macrophages and form cells as a component of the atherosclerosis plaque.47–49 Anti-atherogenic effects of
GIP inmousemodels point to its protective effects at pharmacological concentrations).50,51 GIP infusion reduced aortic plaque
formation, intra-plaque macrophage accumulation, and foam cell formation in diabetic mice, while its overexpression
stabilizes the atherosclerotic plaque in non-diabetic animals.51 The latter also reduces macrophage accumulation and increases
the collagen content of aortic plaques.52 The infusion of active GIP tends to suppress injury-induced neointimal hyperplasia
and vascular cell proliferation, thus potentially inhibiting restenosis after angioplasty.53 With respect to cardiac remodeling,
left ventricular cardiomegaly and interstitial fibrosis was countered in mouse models of inactivated GIPR,54 and deleterious
effects of GIP were reported in myocardial infarction.55 In a broad sense, these findings suggest that effects of GIP on cardiac
remodeling may differ based on the ambient pathophysiologic milieu.
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The role of GIP in inflammatory responses has been studied by various investigators (Figure 3).50,56,57 It is indicated
by its downregulation after being incorporated into macrophages. Anti-inflammatory effects of GIP in immune cells have
also been noted.58 GIPR has also been shown to be expressed abundantly in differentiated, but not undifferentiated
premature adipocytes,57,59 thus signifying a role in the regulation of body fat deposition and function. Daily GIP
injections led to a decrease in the adipose tissue gene expression levels of pro-inflammatory cytokines, such as Il-1
beta, Il-6, TNF-alpha in wild-type mice,60 while blood levels of adiponectin, an anti-inflammatory and insulin-sensitizing
adipokine, are enhanced.55

To recapitulate, GIP appears to have a dose-related, binary relationship with adipose tissue inflammation. Its anti-
atherogenic actions include nitric oxide production, inhibition of cell proliferation in vascular smooth muscle cell
proliferation, and suppression of inflammatory responses in monocytes, macrophages, and adipocytes.61 On the other
hand, adipocyte inflammation is increased.57 It is important to note that, true to its name “insulinotropic”, GIP exhibits
insulin-like lipophilic properties, promoting the deposition, storage capacity, buffering actions, and insulin sensitivity of
white adipose tissue.25

Conclusions
Understanding the enteroinsular axis has been the basis of seminal advancements in the therapeutic approach to diabetes
management, with translation of research discoveries into effective pharmacologic therapies. Of late, attention has been

Table 1 Cardiovascular Effects of GIP in Animal Models

Animal Model GIPR Activation GIPR Inhibition

Atherosclerosis ApoE knockout mice ↓Plaque formation
↓Macrophage foam cell formation

↑Plaque stability
ApoE knockout mice with diabetes ↓Plaque formation

↓Macrophage foam cell formation

Restenosis Femoral artery wire injury (male C57BL/6 mice) ↓Neointimal formation
↑endothelial regeneration

↑Neointimal formation

Femoral artery wire injury with diabetes (male db/

db mice)

↓Neointimal formation

Cardiac
remodeling

Angiotensin II infusion (male C57BL/6-background
ApoE knockout mice)

↓Cardiomyocyte enlargement
↓interstitial fibrosis

Coronary artery ligation (male C57BL/6-

background mice)

↑Scar formation ↓Mortality
↓Scar formation

Transverse aortic constriction (male C57BL/6-

background mice)

→Left ventricular function

Doxorubicin injection (male C57BL/6-background
mice)

↓Cardiac atrophy
→ Mortality

Inflammation Standard diet (C57BL/6 and db misty mice) ↓Adipose tissue inflammation
↑Adipose tissue inflammation

High fat diet ↓Adipose tissue inflammation
↑Adipose tissue expression and blood
levels of adiponectin

↑Blood and adipose tissue
levels of IL-6

Diabetes

(male db/db mice)

↑Adipose tissue inflammation

Gingivitis (C57BL/6-background mice) ↑Gingival inflammation
Endotoxemia (C57BL/6 mice) ↓ Blood IL-6 level

Notes: Arrows: ↑, increase; →, no change; ↓ decrease. Adapted from Mori Y, Matsui T, Hirano T, Yamagishi SI. GIP as a potential therapeutic target for atherosclerotic
cardiovascular disease-a systematic review. Int J Mol Sci. 2020;21(4):1509. Creative Commons license and disclaimer available from: http://creativecommons.org/licenses/by/4.
0/legalcode.32
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focused on the role that GIP plays in maintaining metabolic homeostasis, most likely in concert with GLP-1. Physiologic
replacement of both these incretin agents in the form of dual GLP-1/GIP receptor activating compounds (“twincretins”)
has yielded encouraging results vis-à-vis glucose and body weight regulation. There is mounting evidence from animal
models and in vitro studies pointing to complex, yet possibly overall cardioprotective, actions of GIP in human health. As
a word of caution, these favorable outcomes are preliminary and require confirmation. Side-effects and possible issues
with long-term use of these novel agents have yet to be fully evaluated. Nevertheless, the untangling of the incretin
system promises to deliver further gains in our efforts to translate future knowledge into therapeutic benefit for patients.
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