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Abstract

Type 2 diabetes mellitus (T2DM) is a major global health challenge, primarily driven by the body’s impaired
ability to effectively utilize insulin. The incretin hormones glucose-dependent insulinotropic polypeptide (GIP)
and glucagon-like peptide-1 (GLP-1) play essential roles in regulating glucose metabolism. GIP, an intestinal
hormone, exerts a wide range of physiological effects, including the promotion of insulin secretion following
meals and the stimulation of glucagon release under euglycemic and hypoglycemic conditions. Moreover, GIP
facilitates triacylglycerol absorption in adipose tissue and reduces bone resorption. Numerous GLP-1 receptor
agonists and dual GIP/GLP-1 receptor agonists have been developed to harness these hormonal benefits for
T2DM treatment. Some of these therapies have demonstrated notable success in managing weight and reduc-
ing cardiovascular disease risk. A deeper understanding of cellular and molecular pathways underlying these
effects holds promise for developing next-generation incretin-based therapies with enhanced efficacy and
fewer adverse effects. Although numerous studies have targeted the GLP-1 receptor for T2DM management,
the therapeutic potential of the GIP receptor (GIPR) remains under investigation. Despite emerging evidence
linking GIP to key mechanisms in T2DM pathophysiology, its full clinical utility has yet to be determined. This
article explores GIP’s potential as a therapeutic target for T2DM, examining its role in regulating pancreatic a-
and B-cell function, adipose tissue dynamics, bone remodeling, lipid metabolism, cardiovascular disease, and
kidney disorders. It also evaluates the therapeutic potential of both GIPR agonists and antagonists, illustrating
how these approaches may enhance the understanding of GIP’s relevance in T2DM management. Additional-
ly, this discussion addresses challenges associated with translating GIP-targeted therapies into clinical prac-
tice, offering insights into overcoming existing barriers and advancing more comprehensive treatment options.
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1. Introduction

Incretin hormones are crucial for stimulat-
ing insulin secretion after meals, thereby regulat-
ing glucose homeostasis. These hormones enhance
glucose tolerance by promoting insulin activity,
facilitating the clearance of approximately 80% of
ingested glucose!. The main incretin hormones are
glucagon-like peptide-1 (GLP-1) and glucose-de-
pendent insulinotropic polypeptide (GIP). GLP-1, a
30-amino acid peptide, is synthesized by enteroen-
docrine L cells in the distal ileum and colon, whereas
GIP, a 42-amino acid hormone, is secreted by K cells
in the upper intestine, predominantly in the duode-
num and jejunum. GIP secretion is stimulated by the
consumption of food, especially carbohydrates and
fats?. The physiological effects of GIP and GLP-1
are transient because of their rapid degradation and
inactivation caused by the enzymatic activity of
dipeptidyl peptidase 4 (DPP4) and subsequent renal
clearance. After food consumption, GLP-1 and GIP
are rapidly secreted, with evidence indicating that
neural mechanisms affect their release. Both hor-
mones stimulate insulin secretion from pancreatic
B cells in a glucose-dependent manner. In addition
to its insulinotropic? and glucagonotropic* functions
in the pancreas, GIP has been implicated in lipid
metabolism® and bone remodeling®. Advances in
research and development have led to the introduc-
tion of incretin-based medications, primarily target-
ing GLP-1 and GIP pathways. Studies have reported
the cardiovascular and renal benefits of specific
incretin-based treatments, reinforcing their integral
role in modern diabetes management.

The effect of incretin is markedly decreased in
individuals with type 2 diabetes mellitus (T2DM)
because of a substantial reduction in the sensitivity
of B cells to GIP7 and a decline in GLP-1 secretion
following food intake®®. The clinical utility of GIP
has been limited by its unfavorable pharmacokinetic

properties, the less potent biological effects of native

GIP, and primarily, the decreased response of 3 cells
to GIP observed in patients with poorly controlled
T2DM?® 19, However, recent findings challenge this
perspective. Emerging evidence indicates that resis-
tance to GIP can be reversed, and its insulinotropic
function can be restored through improved glycemic
management!'!. Moreover, sulphonylurea treatment,
which induces ATP-sensitive potassium (K ,1p)
channel closure, enhances the insulinotropic effect
of GIP in these patients!'?. Studies in diabetic animal
models have demonstrated that GIP receptor (GIPR)
desensitization is attributable to hyperglycemia-in-
duced alterations in K, channel activity instead
of an inherent genetic defect!!!3. Decreased GIPR
expression may further contribute to this impaired
response!4. Recent advancements in GIPR agonists
with improved bioavailability and dual receptor
agonists targeting both GLP-1 receptors (GLP-1Rs)
and GIPRs have demonstrated superior efficacy in
glucose regulation and weight reduction compared
with GLP-I1R agonists'>16. These findings suggest
that enhancing GIP signaling, particularly in com-
bination with other glucose-lowering therapies and
DPP4-resistant GIP analogs, represents a promising
strategy for T2DM treatment!?.

Initially regarded solely as an incretin
hormone, GIP has become a potential therapeutic
target with broader metabolic implications, prompt-
ing extensive research into its diverse physiologi-
cal effects. Preclinical studies have suggested that
both GIPR agonists and antagonists provide com-
parable metabolic benefits, presenting a paradox
regarding which approach may offer superior clin-
ical outcomes!”. Further investigation is required
to determine how these opposing strategies tar-
geting the same receptor will perform in clinical
settings. Both approaches may ultimately prove
successfull”.

This review explores the therapeutic poten-
tial of GIP in the treatment of T2DM. It provides

a comprehensive analysis of GIP’s role in regulat-
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ing pancreatic a- and B-cell function, adipose tissue
metabolism, bone remodeling, lipid metabolism,
cardiovascular disease, and kidney disorders. Fur-
thermore, this review evaluates the significance of
both GIPR agonists and antagonists in advancing the
understanding of GIP-mediated pathways in T2DM
management. In addition, this review examines the
challenges associated with integrating GIP-targeted
therapies into clinical practice and proposes strate-

gies to address these barriers.

2. GIP and Metabolic Diseases

GIP was initially identified in porcine intes-
tines for its ability to inhibit gastric acid secretion'®,
leading to its designation as gastric inhibitory poly-
peptide. However, subsequent research revealed its
insulinotropic properties, prompting the adoption
of its current name, GIP'?. GIP exerts its effects by
binding to a specific G-protein-coupled receptor

expressed in various tissues, including the pancreas,

adipose tissue, bone, heart, and brain?. Although
the full extent of its physiological functions remains
incompletely understood, studies have demonstrated
its involvement in bone resorption?9, cell prolifer-
ation?!, locomotor activity?2, GLP-1 release?, and
glucocorticoid secretion?*. These findings indicate
the potential therapeutic applications of GIP. In
addition, GIP directly benefits pancreatic B cells by
promoting cell growth and survival?>26, stimulat-
ing proinsulin gene activity?’, and facilitating stem
cell differentiation into insulin-producing cells?®. In
addition to its pancreatic effects, GIP reduces the
glucose level by suppressing hepatic glucose pro-
duction and increasing glucose uptake and fatty acid
synthesis??3!. The glucose-dependent insulinotro-
pic activity of GLP suggests its potential advantage
in T2DM management because it reduces the risk of
hypoglycemia associated with other insulin-releas-
ing drugs’. The major physiological roles of GIP in
T2DM are summarized in Table 1.

Table 1. Major physiological roles of glucose-dependent insulinotropic polypeptide in type 2 diabetes mellitus

Physiological benefits Description Reference(s)
Insulinotropic effects * Enhances insulin secretion by binding to pancreatic p-cell receptors, increasing 35-41
intracellular cAMP levels, activating PKA and EPAC2 pathways, raising calcium
ion concentrations, modulating ion channels, and promoting insulin granule release.
Protective effects of * Increases osteopontin transcription, aiding -cell proliferation and preventing f3-cell 43
B cells death by inhibiting nitric oxide synthase activity.
* Enhances B-cell survival through activation of the PI3K-PKB/Akt pathway, which 44
influences Forkhead transcription factors and Bax gene transcription.
 Enhances B-cell survival through the regulation of ASK1 via Akt pathway activa- 45
tion, which suppresses p38 and JNK activity.
* Induces vasoconstriction in islet cells, providing protective benefits during hyper- 46
glycemic conditions.
Glucagonotropic « Stimulates glucagon secretion in both euglycemic and hypoglycemic states, affect- 4,47
effects ing both healthy individuals and those with T2DM.
« Stimulates pancreatic islet a-cells, increasing glucagon secretion in a dose-depen- 47
dent manner in vitro.
« Stimulates glucagon release only at low glucose levels, demonstrating glucose-de- 51
pendent GIPR activity in pancreatic islet a-cells.
Adipose tissue * Increases triglyceride clearance, reduces triglyceride excursions following an 55
intraduodenal lipid load, and enhances LPL activity, resulting in greater triglyceride
synthesis in WAT.




86

K. B. Tseng

» Facilitates circulating triglyceride and free fatty acid removal, along with enhanced
triglyceride absorption in adipose tissue, and establishes GIP as a key hormonal reg-
ulator of the body’s postprandial triglyceride response.

 Enhances glucose uptake by increasing insulin sensitivity in adipocytes.

* Promotes energy storage by driving the expansion of WAT through mechanisms
such as adipocyte hypertrophy and preadipocyte differentiation, primarily governed
by de novo adipogenesis.

* Receptor activation may increase the lipid-buffering capacity of WAT, potentially
mitigating lipid spillover under conditions of excess energy intake.

* Prolonged receptor activation increases whole-body insulin sensitivity and reduces
liver lipid accumulation in the model of insulin resistance.

* Prevents the accumulation of lipids outside adipose tissue and reduces liver fat
buildup.

5,56,57

58

60

55

65,66

69

Bone system

» Reduces both the differentiation and bone resorptive activity of human osteoclasts.

* Reduces the gene expression of specific osteoclast markers and number of newly
formed osteoclasts.

* Stimulates bone-related parameters, including alkaline phosphatase, PINP, and cell
viability, differ among these cell lines.

* Reduces apoptosis in both human bone marrow-derived mesenchymal stem cells
and osteoblastic Saos-2 cells.

* Improves bone strength in those with prediabetes and prevents the decline in bone
strength in those with insulinopenic diabetes and estrogen deficiency.

* Enhances cortical bone mechanical properties, promotes mineralization, and
improves collagen maturity.

* Lowers CTX level in both healthy individuals and those with T1DM without signifi-
cantly affecting PINP.

* Increases P1NP and osteocalcin levels in young, healthy individuals, suggesting not
only inhibition of bone resorption but also support of bone formation.

* Reduces bone resorption and does so to a greater extent when combined with GLP-
1.

70
72

73

20,74

75

76

75

79

80

Central nervous system

* Reduces energy consumption and provides additional metabolic benefits by acting
on brain-centered mechanisms.

* Elevated level persistently reduces DIO and enhances insulin sensitivity by lower-
ing caloric intake through a direct role in the hypothalamic ventromedial nucleus.

» Amplification of GLP-1 activity by improving its interaction with anorexigenic neu-
ronal groups in the mediobasal hypothalamus.

» GIPR-expressing cells in the arcuate nucleus are sensitive to neuropeptides associ-
ated with feeding behavior. and activating these GIPR-positive cells can suppress
calorie intake.

* GIPR agonists consistently reduce body weight by limiting caloric consumption,
potentially through mechanisms involving the recruitment of neuropeptide signal-
ing pathways.

55

65

55

55,82

85,86

Cardiovascular system

» GIPR activation induces the expression of proatherosclerotic factors, such as endo-
thelin-1 and osteopontin, and exerts antiatherosclerotic effects by promoting nitric
oxide secretion and inhibiting foam cell formation.

* Increases the survival rate during experimentally induced ischemia by reduc-
ing GIP-mediated hormone-sensitive lipase activation and subsequently reducing
intramyocardial triglyceride levels.

* Receptor activation produces anti-inflammatory benefits, such as reducing inflam-
mation in adipose tissue, lowering blood IL-6 levels, and enhancing both serum adi-
ponectin levels and its expression in adipose tissue.

92

88

93
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* Reduces various proinflammatory cytokines, including IL-1p, IL-6, and TNF-a, and
increases the adiponectin level.

* Increases levels of circulating proinflammatory markers, including VCAM-1, MCP-
1, IL-6, and IL-1p.

» Stimulates lipolysis under conditions characterized by a catabolic nutritional state
and low insulin concentrations.

94

92

92

Renal system

* Alleviates the impact of diabetic nephropathy by reducing proinflammatory cyto-
kines, such as IL-6, IL-1B, and TNF-0, and increasing adiponectin levels.

* Exerts protective effects on renal function indirectly by reducing atherosclerosis
through promoting nitric oxide production, enhancing insulin sensitivity in WAT,
inhibiting vascular smooth muscle cell proliferation, and reducing inflammatory
responses in adipocytes, monocytes, and macrophages.

* Exerts protective effects on renal function other indirectly by (a) interacting with
brain receptors to curb food intake and supporting weight loss efforts; (b) increasing
insulin sensitivity and improving blood flow in subcutaneous WAT, thereby facilitat-
ing lipid storage and reducing inflammatory immune cell infiltration; (c) enhancing
insulin sensitivity and preventing the accumulation of ectopic lipids in skeletal mus-
cle; and (d) reducing hyperglycemia and dyslipidemia at a systemic level.

94

102

93

Abbreviations: ASK1, apoptosis signal-regulating kinase 1; cAMP, cyclic adenosine monophosphate; CNS, central nervous system; CTX, C-terminal

telopeptide; DIO, diet-induced obesity; EPAC2, exchange protein directed via cAMP2; GIP, glucose-dependent insulinotropic polypeptide; GIPR,
GIP receptor; GLP-1, glucagon-like peptide-1; IL, interleukin; LPL, lipoprotein lipase; MCP-1, monocyte chemoattractant protein 1; PINP,
procollagen type 1 N-terminal propeptide; PI3K-PKB, phosphoinositide-3-kinase-protein kinase B; PKA, protein kinase A; TIDM, type 1 diabetes
mellitus; T2DM, type 2 diabetes mellitus; TNF-a, tumor necrosis factor-alpha; VCAM-1, vascular cell adhesion molecule-1; WAT, white adipose

tissue.

2.1 Effects of GIP on the Pancreas

2.1.1 Insulinotropic Effect

For more than 40 years, GIP has been impli-
cated in the development and progression of
T2DM3233, Early studies have demonstrated that
GIP (1-42) enhances insulin secretion during
hyperglycemia in humans®. By the 1990s and
2000s, studies have elucidated molecular mecha-
nisms underlying GIP-mediated glucose regula-
tion, revealing its role in insulin secretion through
complex signaling pathways3-37. GIP exerts its
insulinotropic effect by binding to its receptor on
pancreatic B cells, initiating a cascade of intracel-
lular signaling events. Receptor activation increases
the cyclic adenosine monophosphate (cAMP) level,
stimulating protein kinase A (PKA) and trigger-
ing the exchange proteins directly activated by
cAMP 2 (EPAC2)/cAMP pathway3®. This signal-
ing cascade enhances insulin release by increasing

cytosolic calcium ion levels, modulating ion channel

activity, and promoting insulin granule exocytosis.
PKA phosphorylates the SUR1 subunit, leading to
the closure of K, ;, channels and subsequent mem-
brane depolarization®. In addition, PKA interacts
with phosphoinositide 3-kinase to inhibit potassium
channels that suppress insulin secretion, thereby
prolonging action potentials. Membrane depolar-
ization facilitates the opening of voltage-gated
calcium channels, further increasing intracellular
calcium levels. The increased calcium level stimu-
lates additional calcium release from internal stores
and promotes insulin granule fusion with the plasma
membrane, leading to increased insulin release3.
This cascade also enhances mitochondrial ade-
nosine triphosphate (ATP) production, reinforcing
K ,;p channel closure and further depolarization®’.
EPAC2 plays a crucial role in maintaining insulin
production by increasing insulin granule density
and synthesis*!. The coordinated actions of PKA
and EPAC2 are essential for GIP-induced insulin

secretion.
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2.1.2 Protective Effects of p Cells

Beyond its primary role in stimulating insulin
secretion from pancreatic 3 cells, GIP plays a crit-
ical role in protecting pancreatic islet cells by pro-
moting their growth and enhancing their survival®.
In human islets, GIP upregulates osteopontin tran-
scription, a protein that is often elevated in patients
with T2DM and has been implicated in the develop-
ment of atherosclerotic plaques and diabetes-related
complications®. Osteopontin supports B-cell prolif-
eration and prevents apoptosis by inhibiting nitric
oxide synthase activity. Notably, islets with a weak
insulinotropic response to GIP have lower than
normal osteopontin levels, indicating a link between
GIP-osteopontin dysfunction and T2DM pathogen-
esis. GIP’s regulatory effect on osteopontin expres-
sion follows a bell-shaped dose-response curve and
is primarily observed under low glucose levels®.

A key mechanism through which GIP enhances
B-cell survival involves the activation of the phos-
phoinositide-3-kinase/protein kinase B (PI3K-PKB)/
Akt signaling pathway, which regulates Forkhead
transcription factors and Bax gene transcription®?.
The Forkhead box protein O (FOXO) family, which
contains phosphorylation sites for PKB, plays a crit-
ical role in modulating proapoptotic gene expres-
sion. Lower nuclear levels of FOXO proteins, such as
FOXOL1, suppress the expression of apoptotic genes.
Studies on INS-1 cells exposed to glucolipotoxicity
have demonstrated an increase in nuclear FOXO1
levels, which facilitates apoptosis by binding to
the Bax gene promoter. However, GIP treatment
enhances PI3K-PKB signaling, leading to increased
FOXO1 phosphorylation, decreased binding to apop-
totic target elements, and suppression of Bax gene
expression**, thereby preventing apoptosis. Beyond
its effects on FOXO1 transcriptional activity, PKB/
Akt pathway activation also inhibits other apoptotic
pathways, including p38 MAPK and Jun N-termi-
nal kinase (JNK)®. GIP enhances B-cell survival

by modulating apoptosis signal-regulating kinase

1 (ASK1) through Akt pathway activation, which
further suppresses p38 MAPK and JNK activity.*
This mechanism effectively counteracts staurospo-
rine-induced apoptosis in islet cells. The antiapop-
totic effects of GIP were abolished by an adenylate
cyclase inhibitor, highlighting the critical role of
upstream cAMP signaling in preventing mitochon-
drial apoptosis pathways®. Although GIP directly
promotes B-cell survival through islet GIPRs, evi-
dence suggests an additional protective mechanism
where GIPRs in endothelial blood vessel layers
enable GIP to constrict vessels, thereby reducing
blood flow to rodent islet cells in vivo. This effect
may confer a protective advantage under hypergly-
cemic conditions by mitigating the excessive islet

blood flow observed in diabetes?*®.

2.1.3 Glucagonotropic Effect

Beyond its insulinotropic effects on B cells,
GIP plays a critical role in regulating glucagon
secretion by pancreatic a cells. GIP enhances glu-
cagon secretion in a glucose-dependent manner.
During hypoglycemia, intravenous administration
of GIP activates GIPRs and intracellular signaling
pathways, leading to increased glucagon release in
humans*’. By contrast, under hyperglycemic con-
ditions, GIP augments glucose-stimulated insulin
secretion without inducing a glucagonotropic
response?. A human study suggested the existence
of a glycemic threshold, ranging from 99 to 108 mg/
dL, below which GIP primarily promotes gluca-
gon secretion®. By integrating its dual insulinotro-
pic and glucagonotropic functions, GIP contributes
to glucose homeostasis, mitigating hyperglycemia
following excessive glucose intake and preventing
reactive hypoglycemia. This protective mechanism
is particularly relevant after lipid-rich meals, where
fluctuations in glucose levels can be pronounced.
The ability to counteract reactive hypoglycemia
is evolutionarily vital given the reliance of central

nervous tissue on stable blood glucose levels*®.
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The GIPR is present in the 3 primary endo-
crine cell types of the pancreatic islet: a-cells,
B-cells, and 3-cells®. Evidence supporting GIPR
activation in o-cells stimulating glucagon release
remains limited, with some findings from oTCI
cells#” and rat pancreas models using a GIPR antag-
onist to demonstrate preventable secretion®?. This
finding indicates that GIP directly affects a-cells,
but studies on a-cell GIPR knockouts are lacking. In
animal studies, GIP stimulated glucagon only under
low glucose conditions, whereas no such effect was
observed under high glucose conditions, indicat-
ing glucose-dependent GIPR activity in a-cells’!.
These findings suggest that unlike in -cells, where
higher glucose increases insulin secretion through
incretin receptors, low glucose enhances the effect
of GIP on glucagon in a-cells. Nevertheless, the
primary difference is in how GIP affects a-cells
and B-cells. In a-cells, GIP more effectively pro-
motes glucagon secretion when glucose levels drop.
By contrast, in B-cells, GIP promotes insulin secre-
tion when glucose levels rise. Higher glucose levels
boost B-cell activity, whereas lower glucose levels
increase a-cell activity. This indicates that the func-
tion of GIPR in these cells depends more on the
cells’ readiness than on glucose levels®2. The sig-
naling mechanisms of GIPR may exhibit divergent
characteristics in a-cells compared with B-cells®2.
This suggests that GIPR action depends more on
cell readiness than glucose levels alone, possibly
signaling through cAMP/PKA pathways, similar
to B-cells®. GIPR might strengthen active a-cells
at low glucose levels because elevated glucose
increases [3- and d-cell activity, suppressing a-cells
through interactions, whereas GIP doses promote
the release of somatostatin from 3-cells under high
glucose levels. Somatostatin inhibits gut GIP secre-
tion and has mixed effects on glucagon secretion.
Thus, at high glucose levels, the inhibitory influ-
ence of neighboring cells may suppress a-cell GIPR

activity, preventing GIP-induced glucagon secre-

tion>2.

2.2 Effects of GIP on Adipose Tissue

GIPRs are found in notably high concentra-
tions in adipose tissue’*, suggesting their critical
role in regulating energy storage and lipid metabo-
lism. In T2DM, the lipid-buffering capacity of white
adipose tissue (WAT) becomes impaired when its
storage threshold is exceeded. This dysfunction
is characterized by a diminished ability to sup-
press free fatty acid release in response to insulin,
decreased adipose tissue perfusion, and impaired
LPL recruitment®. Animal studies have indicated
that GIP facilitates lipid disposal by enhancing
triglyceride clearance, reducing postprandial tri-
glyceride excursions following an intraduodenal
lipid load, and increasing both LPL activity and tri-
glyceride synthesis in WAT>. In humans, GIP pro-
motes the removal of circulating triglycerides and
free fatty acids while enhancing triglyceride absorp-
tion in adipose tissue, serving as a key hormonal
regulator of postprandial lipid metabolism®36-57,
Moreover, studies have revealed that GIP enhances
glucose uptake by increasing insulin sensitivity in
adipocytes®®. Similarly, tirzepatide, a dual GIPR
and GLP-1R agonist, has been reported to improve
insulin sensitivity and facilitate glucose disposal in
the WAT of mice lacking Glp-1r>°. These findings
further support GIP’s direct role in adipose tissue
regulation.

GIP promotes energy storage by facilitating
the expansion of WAT through adipocyte hypertro-
phy and preadipocyte differentiation, processes pri-
marily driven by de novo adipogenesis®®. Although
GIPR expression is initially low in preadipocytes,
it increases during differentiation and synchronizes
with markers essential for adipocyte maturation®!-62,
This expression is regulated by peroxisome prolifer-
ator-activated receptor y (PPARY), a key modulator
of WAT development®3. PPARy ligands upregu-
late GIPR expression, whereas PPARy knockdown
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leads to its reduction®%4, In addition, GIP facili-
tates adipocyte differentiation®! because the dis-
ruption of GIPR expression impairs this process®?.
These findings jointly suggest that GIPR activa-
tion enhances the lipid-buffering capacity of WAT,
potentially reducing lipid spillover under conditions
of excess energy intake>. However, further research
is required to confirm this hypothesis.

Pharmacological and genetic studies have sug-
gested that sustained GIPR activation enhances
whole-body insulin sensitivity and reduces hepatic
lipid accumulation in models of insulin resis-
tance®-%, These metabolic improvements are
closely associated with healthier WAT function,
characterized by decreased inflammation, improved
lipid-storage gene regulation, increased triglyceride
storage capacity, and insulin-sensitizing adipokine
secretion®-%, Although some of these effects may
be attributed to GIP’s role as an incretin hormone,
its direct actions on adipocytes likely play a major
role in enhancing WAT function and insulin sensi-
tivity.

In humans, fasting plasma GIP levels are asso-
ciated with increased visceral fat accumulation
instead of subcutaneous fat distribution, indepen-
dent of insulin levels®’. Similarly, in the Japanese
population, elevated plasma GIP levels were asso-
ciated with genetic variations that lead to increased
visceral obesity and high circulating triglycerides®s.
Another study demonstrated that GIP infusion
lowers the level of circulating nonesterified fatty
acids while increasing the level of triglycerides,
thereby promoting fat storage in adipose tissue.
These findings suggest that GIP helps prevent
ectopic lipid accumulation and reduce hepatic fat
buildup®. Additionally, infusion of the GIPR antag-
onist GIP(3-30)NH2 in humans reduced GIP-in-
duced triglyceride deposition in adipose tissue. This
observation further supports GIP’s role in regu-
lating adipocyte function and lipid metabolism in

humans®’.

2.3 Effects of GIP on Bone

GIPR expression has been identified in both
human’® and rodent osteoclasts and osteoblasts’!.
Several studies have demonstrated that GIP modu-
lates bone cell activity and facilitates bone remod-
eling. A GIP analog was determined to inhibit
both the differentiation and bone resorptive activ-
ity of human osteoclasts’’. Furthermore, treatment
with a GIP analog reduced the expression of spe-
cific osteoclast markers and the formation of new
osteoclasts’?, suggesting its direct regulatory effect
on human osteoclasts. GIP also exerts anabolic
effects on bone, as evidenced by its effect on alka-
line phosphatase, procollagen type 1 N-terminal
propeptide (PINP), and cell viability, although these
effects differed between cell lines’?. Furthermore,
GIP reduced apoptosis in both human bone mar-
row-derived mesenchymal stem cells and osteoblas-
tic Saos-2 cells?074, Additional evidence supporting
GIP’s role in bone metabolism comes from in vivo
studies. Administration of a GIP analog not only
improved bone strength in prediabetic mice but also
prevented the decline in bone strength observed in
insulinopenic diabetic and estrogen-deficient rats’.
Moreover, GIP promotes mineralization, enhances
collagen maturity, and is beneficial to the mechani-
cal properties of cortical bone in rat models’®. These
preclinical findings suggest that GIP exerts antire-
sorptive effects on bone and potentially enhances
bone formation, indicating a possible decoupling of
bone resorption and formation processes. Further
investigation is needed to elucidate mechanisms
through which GIP regulates bone cell activity and
the interplay between bone formation and resorp-
tion.

In humans, endogenous GIP accounts for up
to 25% of the reduction in bone resorption follow-
ing a meal, whereas endogenous GLP-1 exerts no
significant effect’’. GIP infusion reduces the level
of C-terminal telopeptide, a marker of bone resorp-

tion, in both healthy individuals and those with type
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1 diabetes mellitus without substantially affecting
PINP), a bone formation marker’. This response is
reversed by a selective GIPR antagonist in men’s.
Another study reported that GIP increased PINP
and osteocalcin levels in young, healthy individuals,
suggesting that it not only inhibits bone resorption
but also promotes bone formation’. Moreover, both
glucose intake and GIP infusion lower parathyroid
hormone (PTH) levels. However, GIP suppresses
bone resorption even in individuals with hypopara-
thyroidism, indicating a PTH-independent mecha-
nism’>. These findings suggest a rapid effect of GIP
on bone remodeling, with the potential to increase
bone mass if this effect is sustained over time.
Although current evidence supports the immediate
antiresorptive and potentially anabolic properties
of GIP, its long-term influence on bone remodel-
ing, bone quality, and bone mineral density remains
uncertain because clinical trials have yet to provide
definitive conclusions’. The combined use of GIP
and GLP-1 enhanced bone resorption suppression
more effectively than the use of either hormone
alone®0. This finding suggests that dual ago-
nists targeting both receptors, which are currently
being developed for T2DM, can provide the dual
benefit of reducing bone loss and promoting weight

loss™.

2.4 Effects of GIP on the Central Nervous
System

GIP is increasingly recognized for its broader
role in metabolic regulation, extending beyond lipid
metabolism in peripheral tissues to affecting key
processes in the central nervous system (CNS). A
study reported that GIP reduces energy intake and
provides additional metabolic benefits by acting
through brain-centered mechanisms®. GIPR is
widely expressed throughout the CNS8!, particu-
larly in regions associated with energy regulation®2.
Although research remains limited, evidence sug-

gests that GIP crosses the blood-brain barrier to

access these regulatory sites®!. In metabolic dis-
eases, GIPR activation has been implicated in pro-
moting weight loss. In transgenic mouse models,
persistently elevated GIP levels have been shown
to reduce diet-induced obesity and improve insulin
sensitivity by lowering caloric intake%. This model
exhibited increased GIP expression in the hypotha-
lamic ventromedial nucleus, suggesting a direct role
in central energy regulation®. Consistent with this
finding, GIPR is expressed in the hypothalamus of
both humans and mice. Studies using GIPR reporter
mice have localized GIPR expression to energy-reg-
ulating centers, including the arcuate nucleus (ARC),
paraventricular nucleus, and dorsomedial hypotha-
lamic nuclei. Within the hypothalamus, GIPR is
present in cells that either lack GLP-1R or co-ex-
press both receptors in both humans and mice®?.
This distribution raises the possibility of synergis-
tic interactions between GIP and GLP-1, which may
occur through the independent activation of their
respective receptors on separate cells, coactivation
of both receptors on the same cell (generating a dis-
tinct signal), or integration of downstream signal-
ing pathways>. Further evidence suggests that GIP
and GLP-1 activate distinct neuronal populations
involved in appetite suppression®3. GIPR expression
in nonneuronal cells of the mediobasal hypothala-
mus®?, including oligodendrocytes, may enhance
GLP-1 activity by facilitating access to anorexigenic
neurons in the ARC?. This suggests that GIP could
potentiate GLP-1-mediated appetite suppression by
improving its interaction with these neuronal pop-
ulations®. Notably, GIPR-expressing cells in the
ARC possess receptors sensitive to neuropeptides
involved in appetite regulation. These neurons are
activated by ligands that affect feeding behavior,
and chemogenetic studies have confirmed that the
activation of GIPR-positive cells suppresses caloric
intake®2. Both the central and peripheral adminis-
tration of GIPR agonists have consistently been

reported to reduce body weight by limiting caloric
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consumption®, potentially through mechanisms
involving the recruitment of neuropeptide signal-
ing pathways®®. Beyond the hypothalamus, GIPR
is also expressed in brainstem nuclei that mediate
food intake in response to gut-derived satiety
signals>>-82, However, whether GIP directly regu-
lates feeding behavior within this region remains
unclear.

An important aspect of GIP’s therapeutic
potential is its ability to mitigate adverse effects
commonly associated with GLP-1IRA therapy.
Nausea, a frequent side effect of GLP-1RAs, often
limits their widespread clinical use. GIPR activa-
tion may counteract aversive responses triggered
by intestinal peptides such as peptide YY and che-
motherapy agents, such as cisplatin®’. This finding
supports the potential for combined GIP and GLP-1
therapies not only to enhance weight loss but also
to improve treatment tolerability, thereby expand-
ing the clinical applicability of GLP-IRAs%.
Emerging evidence suggests that GIP promotes
weight loss through multiple mechanisms, includ-
ing the direct inhibition of caloric intake through
CNS-mediated pathways, amplification of the ano-
rectic effects of GLP-1, and mitigation of nausea to
improve drug adherence. These combined effects
indicate the critical role of GIP role in optimizing
metabolic therapies and broadening their clinical
utility>>.

2.5 Effects of GIP on Cardiovascular Disease

Although less extensively studied, GIP may
affect the cardiovascular system through its effects
on cardiomyocytes®®, endotheliocytes®®, and adipo-
cytes??. GIPR is expressed on immune cells circulat-
ing in the bloodstream and is distributed throughout
the vascular system, including endothelial cells
lining blood vessels and cardiac tissues®'. Given the
overlap in intracellular signaling pathways, insights
gained from pharmaceutical agents targeting GLP-1

may provide valuable perspectives on the potential

vascular effects of GIP. GIPR activation induces
the expression of proatherosclerotic factors, such as
endothelin-1 and osteopontin, while simultaneously
exerting anti-atherosclerotic effects by promoting
nitric oxide secretion and inhibiting foam cell for-
mation”2. However, the importance of these mech-
anisms remains uncertain. The causal relationship
between circulating GIP levels and the expression
of endothelin-1 and osteopontin in human cohorts is
not well established, raising questions about whether
these factors contribute meaningfully to atheroscle-
rosis progression.

In GIPR knockout mice, studies have reported
decreased interstitial fibrosis and left ventricular
cardiomegaly, despite adverse outcomes following
myocardial infarction. Although the survival rate
remained unchanged after experimentally induced
myocardial infarction, survival markedly improved
during experimentally induced ischemia. This car-
dioprotective response appears to be mediated by
decreased GIP-driven activation of hormone-sen-
sitive lipase, leading to lower intramyocardial
triglyceride levels®®. GIPR activation has demon-
strated anti-inflammatory benefits, including
decreased adipose tissue inflammation, lower circu-
lating interleukin (IL)-6 levels, and increased serum
adiponectin levels and adiponectin expression in
adipose tissue. By contrast, GIPR inhibition results
in elevated IL-6 levels in both blood and adipose
tissue as well as increased gingival inflammation®3.
In murine models, daily GIP administration reduces
proinflammatory cytokines such as IL-1, IL-6, and
tumor necrosis factor-alpha (TNF-a), while simul-
taneously increasing adiponectin levels, an anti-in-
flammatory adipokine with insulin-sensitizing
properties®®. Human studies have reported an asso-
ciation of elevated fasting GIP levels with increased
circulating proinflammatory markers, including
vascular cell adhesion molecule 1, monocyte che-
moattractant protein 1, IL-6, and IL-1p. GIPR acti-

vation 1is also associated with increased blood flow
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Figure 1. Tissue-specific effects of GIPR agonism and antagonism are presented, highlighting their distinct physiological
roles in lowering blood sugar. Furthermore, the interplay between GIPR agonism and GLP-1R agonism is con-
sidered, emphasizing potential synergies when these therapeutic approaches are combined.

*Additive weight-loss when combined with a GLP-1R agonist.
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in adipose tissue and enhanced lipogenesis. An in
vitro study reported that GIP stimulates lipoly-
sis under catabolic nutritional conditions and low
insulin concentrations; however, the extent to which
these weight-modulating effects observed in animal
models translate to humans remains ambiguous®?.
Furthermore, the long-term safety implications
of GIPR modulation, whether through agonism or
antagonism, have yet to be thoroughly investigated
in humans. Given GIP’s extensive metabolic effects
and its potential involvement in cardiovascular
disease (CVD) pathophysiology, further research is
essential to determine the clinical relevance of GIPR
agonists and antagonists in patients with T2DM and
CVD.

2.6 Effects of GIP on Renal Disorders
Diabetes increases the risk of kidney disease
by disrupting glucose homeostasis and inducing
metabolic dysfunction, which progressively impairs
renal function. Chronic hyperglycemia contributes
to glomerular hyperfiltration, proteinuria, declin-
ing filtration rates, and, ultimately, kidney failure.
Although GIPR is widely expressed across various
tissues, it has not been detected in the kidneys, sug-
gesting that GIP does not exert direct effects on
renal function®. Inflammation plays a central role
in the pathogenesis of diabetic nephropathy, with
advanced oxidative protein products implicated in
the development of proteinuria, renal cell apopto-
sis, and subsequent glomerulosclerosis®. The influ-
ence of GIP on inflammatory processes has been
extensively studied®’. GIPR activation is associ-
ated with notable anti-inflammatory effects, includ-
ing decreased adipose tissue inflammation, lower
serum IL-6 levels, elevated adiponectin levels, and
enhanced adiponectin expression in adipose tissue.
By contrast, GIPR inhibition increases IL-6 levels
in both serum and adipose tissue®>. Elevated IL-6
levels are strongly correlated with the progressive

decline in kidney function in patients with diabe-

tes””. Adiponectin, known for its anti-inflammatory
and insulin-sensitizing properties, plays a crucial
role in metabolic regulation and the management of
diabetes and other metabolic disorders associated
with obesity. Moreover, AdipoRon, an adiponectin
receptor agonist, demonstrated significant promise
as a therapeutic agent in alleviating the impact of
diabetic nephropathy?®.

GIP is associated with the suppression of proin-
flammatory cytokines, such as IL-6, IL-1B, and
TNF-a and concurrently promotes an increase in adi-
ponectin levels?. Serum TNF-a levels are inversely
correlated with the estimated glomerular filtration
rate (¢GFR) and positively associated with albumin-
uria. In addition, TNF-a independently affects all-
cause mortality, eGFR decline, and progression to
end-stage renal disease”. Studies in rat models have
demonstrated that TNF-a inhibition can significantly
improve diabetic nephropathy!'%. Furthermore, ele-
vated IL-1B levels and polymorphisms in the /L-1B
gene have been linked to an increased risk of devel-
oping and progressing kidney disease in patients with
T2DM!'01,

GIP provides indirect protective benefits for
kidney function by affecting multiple physiolog-
ical processes. It plays a key role in reducing ath-
erosclerosis by promoting nitric oxide production,
enhancing insulin sensitivity in WAT, inhibiting
vascular smooth muscle cell proliferation, and sup-
pressing inflammatory responses in adipocytes,
monocytes, and macrophages!?2. Furthermore, GIP
interacts with central nervous system receptors to
regulate food intake, supporting weight loss efforts.
In subcutanecous WAT, GIP improves insulin sen-
sitivity and enhances blood flow, facilitating lipid
storage and buffering while reducing the infiltration
of inflammatory immune cells. In skeletal muscle, it
enhances insulin sensitivity and prevents the accu-
mulation of ectopic lipids. On a systemic level, GIP
contributes to the reduction of hyperglycemia and

dyslipidemia®3.
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3. GIPR: A Potential Therapeutic
Target for T2DM

Although physiological concentrations of
GIP or GLP-1 exhibit diminished insulinotropic
effects in individuals with T2DM or hyperglycemia
models, pharmacological doses of GLP-1 continue
to stimulate insulin secretion, whereas equivalent
levels of GIP do not °. This attenuated incretin effect
in T2DM is believed to result from decreased GIPR
activity in B-cells. Studies using GIPR and GLP-1R
antagonists in healthy individuals have suggested
that GIP serves as the primary physiological incre-
tin responsible for insulin secretion'?>1%4, This
observation corresponds with evidence demonstrat-
ing that impaired GIPR activity leads to B-cell dys-
function. Consequently, clinicians and researchers
are increasingly interested in GIP’s role in normal
physiology and its contribution to T2DM pathogen-
esis!®. Furthermore, preliminary studies on multi-
receptor agonists targeting GIPR have demonstrated
promising results in reducing body weight in indi-
viduals with T2DM!¢, suggesting that modulat-
ing GIPR activity may unlock mechanisms beyond
those mediated by GLP-1R alone. However, whether
these mechanisms further enhance B-cell function
or involve alternative, non-f-cell processes remains
uncertain. GIPR activation also suppresses glu-
cagon secretion, a key regulatory mechanism for
controlling blood glucose levels32. The dual role of
GIPR in stimulating insulin secretion while con-
currently inhibiting glucagon release is fundamen-
tal to glucose homeostasis'’”. Beyond its pancreatic
effects, GIPR affects various metabolic processes in
adipose tissue. Its expression in adipocytes has been
linked to improved glucose uptake and decreased
lipid accumulation %198 Although these mecha-
nisms hold potential for enhancing insulin sensi-
tivity in individuals with T2DM, the therapeutic
application of GIPR-based strategies presents chal-

lenges, particularly in the need to precisely regulate

GIPR activation to prevent excessive insulin secre-

tion.

4. Therapeutic Potential for GIPR
Agonists and Antagonists in T2DM

GIP plays a crucial role in stimulating insulin
secretion from pancreatic B-cells, thereby contrib-
uting to blood glucose regulation!®®. This charac-
teristic makes GIP a promising therapeutic target
for enhancing insulin release in individuals with
T2DM, particularly during the early stages of
disease progression when [B-cell function is sub-
stantially impaired'!?. In T2DM, chronic hyper-
glycemia and metabolic stress accelerate f-cell
dysfunction and apoptosis'!l. As previously dis-
cussed, GIP-mediated signaling pathways can mit-
igate these adverse effects, preserving both B-cell
mass and function®. In addition to its insulinotropic
properties, GIP contributes to glucose homeostasis
by inhibiting glucagon release. Through glucagon
suppression, GIP helps mitigate postprandial hyper-
glycemia, a hallmark of T2DM. Furthermore, GIPR
activation in adipose tissue can improve insulin sen-
sitivity®®, reduce fat accumulation®®, and promote
weight management!%®, all of which are critical
components of T2DM treatment. Several therapeu-
tic strategies targeting the GIP axis are currently in
preclinical and clinical development, including GIP
agonists, antagonists, and dual-acting therapies in
combination with GLP-1. In addition, DPP4 inhib-
itors, which are already approved for T2DM treat-
ment due to their ability to increase active GLP-1
levels, also enhance circulating active GIP by pre-
venting its degradation. Given the presence of nutri-
ent-sensing receptors in K cells, direct modulation
of GIP secretion may be feasible; however, many of
these receptors are also expressed in other enteroen-
docrine cells, including GLP-1-secreting L cells!!2.
An overview of the tissue-specific effects of GIPR

agonism and antagonism is provided in Figure 1.
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4.1 GIPR Agonists

A decreased insulinotropic response to GIP is
a hallmark feature of T2DM'3. The development
of GIPR agonists or mimetics holds promise for
enhancing insulin secretion while mitigating poten-
tial drawbacks, such as promoting weight gain. In
preclinical studies, GIPR agonists have demon-
strated metabolic benefits. For instance, N-termi-
nally modified analogs, including N-acetyl-GIP and
N-pyroglutamyl-GIP, exhibited strong resistance to
DPP4 degradation, leading to improved anti-hyper-
glycemic effects and increased insulin secretion in
obese diabetic mice!'*. Long-acting GIPR agonists
could lower blood glucose levels and induce modest
weight loss in diet-induced obese mice, an effect
attributed to decreased food consumption®®. This
weight-reducing effect persisted in GLP-1R-defi-
cient mice but was absent in GIPR-deficient mice,
suggesting a direct role of GIPR activation in appe-
tite regulation. In addition, a series of N-terminally
modified GIP analogs demonstrated substantial
resistance to DPP4 degradation, improved insulin
secretion, and enhanced antihyperglycemic effects
in diabetic mouse models''>11¢, Beyond its effects
on glucose regulation, GIPR activation in adipose
tissue may enhance insulin sensitivity, limit fat
accumulation, and support weight management,
an essential factor in T2DM treatment!!”. However,
definitive evidence regarding the efficacy of GIPR
agonists in human diabetes management remains
limited.

The therapeutic potential of GIP offers several
benefits that complement those of GLP-1, making
their combined use a promising approach for T2DM
management. Both hormones play a critical role in
the incretin effect by enhancing insulin secretion
in response to meals. Although these hormones act
on pancreatic -cells through distinct mechanisms,
their effects appear to be complementary and addi-
tive!l8. NNC0090-2746, a dual GIPR and GLP-1R

agonist modified with a fatty acid, demonstrated

significant improvements in glucose tolerance and
weight loss in clinical trials involving patients with
T2DM'"®. Moreover, treatment resulted in greater
reductions in total cholesterol and leptin levels com-
pared with placebo!!?. Currently, tirzepatide, a dual
GIPR and GLP-1R agonist, revealed remarkable
clinical efficacy in reducing body weight, improving
glucose tolerance, and enhancing insulin sensitiv-
ity in individuals with T2DM!%, Researchers have
attributed these effects to the GIPR agonist compo-
nent, which appears to maintain its activity by stim-
ulating B-cell GIPRs and exerting central effects to
reduce food intake!®, The SURMOUNT-2 trial, a
pioneering randomized clinical study, evaluated
tirzepatide’s efficacy in individuals with obesity
and T2DM, focusing primarily on weight reduction
instead of glycemic control, as measured by gly-
cated hemoglobin (HbAlc) levels'20. Results have
demonstrated significant and clinically meaning-
ful reductions in body weight, along with notable
improvements in HbAlc and other cardiometabolic
risk factors. Notably, the magnitude of weight loss
achieved with tirzepatide in this trial surpassed that
reported for currently approved antiobesity med-
ications for individuals with T2DM, indicating its
potential as a highly effective treatment for both
obesity and T2DM'20, Several other clinical trials,
collectively known as the SURPASS studies, have
recently reviewed tirzepatide’s effectiveness com-
pared with various antidiabetic and obesity treat-
ments'2!. Given that dyslipidemia is a risk factor
for diabetes progression and incidence!??, tirzepati-
de’s lipid-lowering effects are of particular inter-
est. Tirzepatide consistently reduces the levels of
triglycerides, cholesterol, and free fatty acids in
affected individuals. Compared with both placebo
and dulaglutide, tirzepatide lowered triacylglyc-
erol, diacylglycerol, and phospholipid levels to a
greater extent over a 26-week period in patients with
T2DM'23, Lipid species with shorter and more sat-

urated structures are associated with an increased
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risk of insulin resistance and T2DM'?4, Following
tirzepatide treatment, reductions in triacylglycerols
and diacylglycerols primarily involved lipid species
with shorter acyl carbon chains and fewer double
bonds, whereas changes in unsaturated acyl chains
were observed but contributed less significantly
to the overall lipid profile shift compared with
placebo!'?3. These alterations in lipid metabolism
were indirectly linked to reductions in body weight
and are thought to result from GIPR agonism, which
plays a key role in regulating lipid metabolism
within adipose tissue!?3,

Triagonist peptides, engineered to simulta-
neously activate the glucagon receptor (GCGR),
GLP-1R, and GIPR, have been developed to achieve
a precisely balanced stimulation of all 3 pathways.
In a phase 2 clinical trial, retatrutide, a single
peptide with agonist activity at GIPR, GLP-1R, and
GCGR, demonstrated significant improvements in
glycemic control and substantial reductions in body
weight among individuals with T2DM. Notably,
these effects were achieved while maintaining a
safety profile comparable to that of GLP-1R agonists
and combined GIPR/GLP-1R agonists'?3. Patients
treated with retatrutide experienced a weight reduc-
tion of 15% or more within 36 weeks, a finding that
aligns with the potential for reversing T2DM pro-
gression!?®127 Additionally, retatrutide has been
shown to enhance insulin sensitivity, increase adi-
ponectin levels, and promote glucose-dependent
insulin secretion, collectively contributing to reduc-
tions in fasting insulin and C-peptide concentra-
tions!?8. The peptide is also speculated to enhance
energy expenditure and fat oxidation; however,
the specific tissues mediating these effects remain
unidentified.

Future research should focus on assessing long-
term clinical outcomes and evaluating the effects of
higher-dose escalations of GLP-1R agonists. Com-
parative studies examining long-acting GIPR and

GLP-1R agonists, as well as co-agonist therapies,

will be essential to further advance our understand-

ing of this topic.

4.2 GIPR Antagonism

As previously discussed, the effects of GIP
are primarily mediated through receptor agonism,
which has shown promise in improving insulin sen-
sitivity and supporting weight management'!’, offer-
ing potential therapeutic benefits for both obesity
and diabetes. However, circulating GIP levels are
significantly elevated in individuals with obesity
and obesity-related T2DM. Studies in obese rodent
models have reported a substantial increase in intes-
tinal K-cell mass and elevated circulating GIP con-
centrations, both in cases of genetic predisposition
to obesity and as a consequence of prolonged high-
fat, high-calorie diets'?®. These findings suggest that
GIPR antagonism may provide an alternative thera-
peutic approach for managing T2DM. The benefits
of GIPR inhibition may be partly attributable to its
effects on adipose tissue'3%-132. In murine models,
GIPR antagonist treatment for 3 weeks led to
improved glucose tolerance and reduced body fat'3!.
Additionally, the absence of obesity in GIPR knock-
out mice further supports the connection between
insulin resistance and obesity. Similarly, in mice
fed a high-fat diet, lower GIP levels were associated
with resistance to weight gain, improved insulin
sensitivity, and no adverse effects on bone volume
or structural integrity!'32.

Inhibiting glucagon secretion has long been
a central strategy in the development of anti-dia-
betic therapies. More recently, GCGR antagonists
have demonstrated significant efficacy in con-
trolling hyperglycemia and increasing circulat-
ing GLP-1 levels in both diabetic animal models
and humans'3. Similarly, GIPR antagonists show
promise in addressing the hyperglucagonemia com-
monly observed in individuals with T2DM, offering
additional therapeutic potential for disease manage-

ment. These antagonists are particularly valuable
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due to their dual benefits: reducing fat accumula-
tion and suppressing glucagon secretion. Given
that GIP’s insulinotropic effects are diminished in
T2DM, GIPR antagonists are unlikely to negatively
impact B-cell function, further supporting their
potential as a safe and effective therapeutic option.

Until recently, GIPR antagonists were not avail-
able for human use, limiting direct investigation into
GIP’s role in patients with T2DM. At first glance,
the therapeutic potential of GIPR antagonism may
seem counterintuitive, as blocking this receptor
could theoretically reduce pancreatic insulin secre-
tion>”134, However, the long-term effects on B-cell
function remain uncertain. Although decreased
insulin secretion has been observed in both GIPR
knockout mice'*? and individuals with GIPR defi-
ciency'®, compensatory mechanisms may coun-
teract this reduction during treatment. One such
compensatory mechanism involves increased
endogenous GLP-1 secretion, as demonstrated in
preclinical studies with diet-induced obese mice'®
and GIPR knockout mice'37. In the context of T2DM,
where the insulinotropic response to GIP is already
diminished, GIPR antagonism is unlikely to further
impair insulin secretion. This premise is supported
by animal studies, which have reported no evidence
of glucose intolerance following GIPR antagonist
treatment!3-138 In fact, some studies have indi-
cated improved glucose regulation, potentially due
to an upregulation of GIPR expression on B-cells.
This observation is consistent with the behavior of
G protein-coupled receptors, where antagonists fre-
quently induce receptor surface expression as part
of a regulatory adaptation!3®140, Given that GIPR
undergoes internalization and desensitization upon
GIP binding, this upregulation serves as a logical
compensatory response! 13141142,

GIPR antagonism has demonstrated signif-
icant metabolic benefits in diabetic db/db mice,
particularly when combined with liraglutide treat-

ment,'® further reinforcing the potential therapeutic

value of integrating GIPR antagonism with GLP-1R
agonism. Notably, some researchers suggest that
GIPR antagonism may confer protective effects on
B-cells by inducing periods of rest, thereby reduc-
ing chronic overactivation and mitigating the risk
of apoptosis'?. In support of this hypothesis, db/
db mice receiving sequential administration of a
GIPR antagonist and liraglutide exhibited alter-
nating phases of B-cell rest and activation'®3. This
therapeutic approach may represent a novel strategy
deserving further investigation. Although earlier
studies combining GIPR peptide antagonists with
GLP-1R agonists had failed to significantly reduce
body weight in diet-induced obese (DIO) rodents or
modulate appetite and energy expenditure in obese
humans, likely due to differences in animal models,
potency, or metabolic degradation—recent findings
indicate that a long-acting acylated GIPR antago-
nist peptide modestly suppressed food intake and
reduced body weight in DIO mice. When combined
with the GLP-1R agonist semaglutide, this treatment
resulted in greater appetite suppression, enhanced
weight loss, and a slight improvement in glucose tol-
erance compared with semaglutide alone'**. These
results align with earlier findings exploring the ther-
apeutic combination of GLP-1R agonism and GIPR
antagonism'®. To date, long-acting acylated GIPR
antagonist peptides have not been tested in humans.
However, the development of well-characterized,
humanized versions could represent a significant
breakthrough in this field'?°.

Several potential GIPR antagonists have
undergone systematic metabolic evaluation, with
GIP(3-30)NH: emerging as the most effective pep-
tide-based antagonist identified for human use. This
molecule and its variants have been widely utilized
in molecular, cellular, and physiological studies of
the GIP system'¥. GIP(3-30)NH, has been shown
to reduce postprandial insulin and glucagon secre-
tion compared with saline infusion in individuals

with T2DM and obesity'#®, providing direct evi-
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dence that endogenous GIP possesses both insuli-
notropic and glucagonotropic properties. Similarly,
the administration of GIP(3-30)NH, alongside
GLP-1 infusion under fasting plasma glucose con-
ditions led to reductions in both insulin and gluca-
gon secretion in patients with T2DM and obesity'’.
The use of GIP(3-30)NH, has further validated the
insulin-stimulating and glucose-lowering effects
of endogenous GIP in individuals with T2DM!48,
Notably, approximately 37% of the improvement
in B-cell function associated with DPP4 inhibition
has been attributed to the action of endogenous
GIP'8, The normalization of plasma glucose levels
enhances B-cell responsiveness to endogenous GIP,
as demonstrated by comparisons between GIP(3-30)
NH, and saline infusions in patients with T2DM,
highlighting GIP’s contribution to oral glucose tol-
erance'®. Although B-cells are absent in individ-
uals with type 1 diabetes mellitus, administration
of GIP(3-30)NH, following meal consumption and
physical activity resulted in an increase in glucose
metabolism, suggesting a B-cell-independent role
for GIP in glycemic regulation'*. However, due to
its short half-life and the need for intravenous infu-
sion, GIP(3-30)NH, remains primarily a research
tool for investigating the physiological and patho-
physiological roles of endogenous GIP. Despite
these limitations, studies using this antagonist have
underscored GIP’s involvement in glucose metabo-
lism across diverse populations, including individu-
als who are lean or obese and those with or without
T2DM!45,

5. Current Challenge of GIP in the
Treatment of T2DM

Recent studies have revealed intricate inter-
actions among GIP, insulin, and various metabolic
factors, providing deeper insights into GIP’s role in
the pathophysiology of T2DM. However, its clini-
cal implications, particularly concerning glucagon

secretion, lipid metabolism, and bone homeostasis,

remain a subject of debate in the context of T2DM
etiology. Additionally, clinical evidence support-
ing the efficacy of GIP as a monotherapy for T2DM
remains limited. Both GIPR agonists and antagonists
offer distinct metabolic benefits, contributing to the
management of diabetes-related disorders. Although
current research trends favor GIPR agonism over
antagonism, concerns persist regarding potential
receptor desensitization with prolonged activation,
particularly in human models'#. This issue is espe-
cially relevant given tirzepatide’s strong bias toward
GIPR agonism!%, Further research is required to
elucidate the impact of GIPR agonists and antag-
onists on specific organs, particularly regarding
receptor desensitization. Although substantial evi-
dence suggests that GIPR agonists centrally reduce
food intake, findings have remained inconclusive
regarding the effects of prolonged exposure on
desensitization in appetite-regulatory centers of the
brain'®. Thus, the question of whether GIPR ago-
nists or antagonists will serve as the cornerstone
of future T2DM treatment strategies remains unre-
solved, necessitating further clinical investigation.

GIP’s therapeutic potential for T2DM is con-
strained by its rapid biological degradation and
renal clearance. Similar to GLP-1, GIP undergoes
enzymatic inactivation by DPP4, which cleaves its
N-terminal region, rendering it incapable of stim-
ulating insulin secretion®®. DPP4-mediated degra-
dation occurs rapidly in circulation, limiting GIP’s
half-life to approximately 3 to 5 minutes and pre-
senting significant challenges for clinical applica-
tion. In addition, similar to other peptides, GIP is
swiftly cleared from the bloodstream through renal
filtration, with an elimination half-life of less than
10 minutes'!. Due to its peptide-based structure,
GIP is most effectively administered via injection;
however, advancements in oral delivery systems
remain an area of active investigation.

The precise role of GIP in T2DM signal trans-

duction pathways remains incompletely understood,
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necessitating further research into its pharmacolog-
ical interactions when combined with other drugs or
receptor targets. Although incretins are well estab-
lished as key regulators of insulin secretion, their
effectiveness in addressing hyperglycemia and dys-
lipidemia depends on multiple factors, including
satiety induction, patient tolerability, and long-term
metabolic outcomes in individuals with T2DM.
Integrating incretin-based therapies with other
pharmacological agents or receptor-specific inter-
ventions represents a promising strategy for man-
aging the complex pathophysiology of T2DM and
its associated comorbidities. Future research should
focus on optimizing these combinatorial approaches
to enhance therapeutic efficacy and improve patient

outcomes.

6. Conclusion

T2DM is a major global health concern, pri-
marily driven by insulin resistance, with the incretin
hormones GIP and GLP-1 playing critical regula-
tory roles. Although numerous studies have focused
on GLP-1R as a therapeutic target, the potential of
GIPR modulation remains an area of active investi-
gation. Historically, GIP was recognized for its role
in glucose regulation and insulin secretion; however,
emerging evidence suggests it may also contribute
to insulin resistance. Recent studies have revealed
a complex interplay between GIP, insulin, and other
metabolic factors, indicating the multifaceted role of
GIP in T2DM pathophysiology. Therapeutic strat-
egies targeting GIP, including both GIPR agonists
and antagonists, hold promise for improving glyce-
mic control and weight management in individuals
with T2DM. GIPR agonists enhance insulin secre-
tion, promote bone formation, increase satiety, and
slow gastric emptying, whereas GIPR antagonists
improve B-cell function, enhance insulin sensitiv-
ity, reduce body weight, and regulate lipid metab-
olism.!?? The clinical success of tirzepatide has

renewed interest in GIPR as a therapeutic target for

both T2DM and obesity, although concerns remain
regarding potential risks associated with prolonged
GIPR activation. Evidence suggests that combin-
ing GIPR antagonism with GLP-1R activation
may offer superior metabolic benefits. Preclinical
studies have supported this approach, and the devel-
opment of AMG133, a conjugated monoclonal anti-
body therapy that integrates GIPR antagonism with
GLP-IR agonism, has progressed to phase 2 clini-
cal trials''?. The potential of GIP-based therapies in
T2DM management represents an exciting avenue
for further exploration. A deeper understanding of
GIP’s molecular mechanisms and signaling path-
ways could facilitate the development of more tar-
geted and individualized treatment strategies,
enhancing therapeutic efficacy while minimizing
adverse effects. Evaluating the long-term outcomes
of GIP-focused therapies, both as standalone treat-
ments and in combination with GLP-1R-based strat-
egies, is essential to fully establish their benefits in
T2DM management. Despite existing challenges,
continued research into GIP offers hope for advanc-
ing treatment options and improving the quality of
life for individuals affected by this widespread met-

abolic disorder.
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