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Glucose-dependent insulinotropic polypeptide (GIP) is a
42–amino acid polypeptide that is produced by enteroendocrine K cells in the proximal small intestine (1,2). In
response to nutrient ingestion, GIP is secreted into the
circulation, acts directly on the GIP receptor (GIPR)
expressed by pancreatic b-cells, and stimulates insulin
secretion. Thus, a major role of GIP is to mediate the
postprandial potentiation of insulin secretion. Indeed,
GIP and glucagon-like peptide 1 (GLP-1), which is another
incretin hormone, account for up to 70% of the postprandial insulin response (1,2).
GIP has long been considered an “obese hormone”
(3–5). Early studies showed that obese subjects exhibit an
Children’s Nutrition Research Center, Department of Pediatrics, Baylor College
of Medicine, Houston, TX
Corresponding author: Makoto Fukuda, fukuda@bcm.edu
Received 29 March 2021 and accepted 1 June 2021

exaggerated GIP secretion response following nutrient
ingestion as well as elevated fasting GIP levels (6). In animal models of high-fat diet (HFD)-induced obesity, K cell
hyperplasia and increased production of GIP were
observed (7,8). Furthermore, GIP promotes fat deposition
in the adipose tissues (4). Although favorable data to support this model accumulated for many years, direct evidence supporting a role for GIP as an obesogenic signal
initially came from a seminal study by Seino and colleagues (5). They showed that mice with GIPR deﬁciency
displayed relatively normal adiposity and body weight
when fed a normocaloric diet; however, when challenged
with an HFD, these mice gained less body weight and fat
mass and reserved normal insulin sensitivity (5). These
observations suggest that GIPR deﬁciency protects mice
from diet-induced obesity and insulin resistance, which
has subsequently been supported by many studies. Now,
inhibition of endogenous GIP or its receptor is generally
accepted to confer resistance to HFD-induced obesity.
Many methods of inhibition have been tested, including
GIP deﬁciency (9), ablation of GIP-producing K cells (10),
neutralizing antibodies against GIP/GIPR (11–14), GIP
vaccination (15–17), and pharmacological inhibition of
GIPR (18). In addition, recent genome-wide association
studies (GWAS) have identiﬁed GIPR variants associated
with obesity and BMI, some of which are associated with
a lower BMI (19–24). Thus, the currently available data
strongly suggest that the endogenous GIP-GIPR system
plays a role in the pathogenesis of obesity.
In contrast to its assumed obesogenic role, GIP does
not promote food intake or adiposity (25–27). Instead,
negative energy balance is induced by administration of
long-lasting GIP derivatives (28,29) or transgenic overexpression of GIP (30). In addition, GLP-1/GIP hybrid peptides have been shown to induce marked weight loss in
preclinical and clinical settings (31,32). The therapeutic
© 2021 by the American Diabetes Association. Readers may use this article
as long as the work is properly cited, the use is educational and not for
proﬁt, and the work is not altered. More information is available at https://
www.diabetesjournals.org/content/license.

Diabetes Publish Ahead of Print, published online July 9, 2021

SYMPOSIUM

Glucose-dependent insulinotropic polypeptide (GIP) (also
known as gastric inhibitory polypeptide) is a hormone
produced in the upper gut and secreted to the circulation
in response to the ingestion of foods, especially fatty
foods. Growing evidence supports the physiological and
pharmacological relevance of GIP in obesity. In an obesity
setting, inhibition of endogenous GIP or its receptor leads
to decreased energy intake, increased energy expenditure, or both, eventually causing weight loss. Further,
supraphysiological dosing of exogenous long-lasting GIP
agonists alters energy balance and has a marked antiobesity effect. This remarkable yet paradoxical antiobesity
effect is suggested to occur primarily via the brain. The
brain is capable of regulating both energy intake and
expenditure and plays a critical role in human obesity. In
addition, the GIP receptor is widely distributed throughout the brain, including areas responsible for energy
homeostasis. Recent studies have uncovered previously
underappreciated roles of the GIP receptor in the brain in
the context of obesity. This article highlights how the GIP
receptor expressed by the brain impacts obesity-related
pathogenesis.
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efﬁcacy of this combination is superior to that of GLP-1
receptor agonists alone, suggesting that GIP agonism has
weight-reducing effects in a pharmacological context. The
effect of GIP alone or in combination with GLP-1 on food
intake requires central GIPR signaling (29). As such,
weight loss can be achieved by either GIPR antagonism or
agonism. Whereas the exact underlying mechanism
remains unknown, a possible explanation for the paradoxical observations is that chronic GIPR agonism desensitizes GIPR, which ultimately results in creating antagonism (24). Although GIPR desensitization in adipocytes
has been reported (24), recent studies have shown that
this phenomenon does not seem to be applicable to the
GIPR in b-cells (33,34). Thus, whether GIPR desensitization occurs in the central nervous system (CNS) and
mediates the antiobesity effect of GIPR antagonism
remains an open question. Nevertheless, manipulation of
the GIP system has a profound impact on energy balance.
In light of the energy balance equation, energy expenditure must exceed energy intake for weight loss to occur.
This remains true for GIP-mediated weight loss, which
induces increased energy expenditure, decreased food
intake, or both (35). As the brain affects both energy
intake and expenditure, it is possible that the CNS mediates GIP action. However, early studies suggested that
intracerebroventricular (ICV) administration of native
GIP does not affect food intake (e.g., [25]) and concluded
that GIP does not inﬂuence feeding behavior. Although
GIPR has been identiﬁed in the CNS, very few studies
have investigated the CNS role of GIPR in energy homeostasis. Recent ﬁndings have renewed interest into
whether and how GIPR expressed in the brain mediates
its physiological and pharmacological effects on energy
balance.
In this Perspective, the role of the CNS in energy balance will be outlined, and discoveries delineating the role
of GIP in the CNS will be reviewed. Finally, the potential
pathophysiological CNS role of GIPR in obesity will be
highlighted.
Hypothalamic Control of Energy Balance

Body weight is tightly regulated by the balance of energy
intake and energy output via the neural circuits in the
CNS. Neural control of energy balance is achieved through
the coordinated integration of multiple neural signals
from distinct neural circuits involving the hypothalamus,
the hindbrain, the amygdala, prefrontal cortex, hippocampus, and other areas in a complex and redundant manner.
The hypothalamus plays a primary role in regulating
energy balance, being closely interconnected and reciprocally inﬂuencing other neural circuits in the different CNS
sites. The hypothalamus is a small region located at the
base of the brain and is a highly heterogeneous structure
composed of many small nuclei with various functions.
Hypothalamic neurons communicate with peripheral
organs via circulating factors, such as insulin, leptin, gut
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hormones, and a variety of nutrients. A key site in the
hypothalamus receiving peripheral signals is the arcuate
nucleus (ARC) (36). ARC neurons can access the adjacent
median eminence, which lacks a functional blood-brain
barrier (BBB), permitting ARC neurons to sense bloodborne factors from the periphery (37). This anatomical
characteristic makes the ARC an ideal site to respond to
peripheral factors and signal to the brain. Within the ARC
are two distinct prototypical neuronal populations that
yield opposing effects on energy balance: the orexigenic
neurons expressing neuropeptide Y and Agouti-related
peptide (AgRP/NPY neurons) that promote feeding behavior when activated and the anorexigenic neurons expressing proopiomelanocortin (POMC neurons) that suppress
food intake when stimulated (38,39). The ability of orexigenic and anorexigenic neurons to directly respond to circulating hormones and mediate metabolic effects
demonstrates that the ARC is a critical site for peripheral
metabolic signals.
The central role of the brain in the development and
maintenance of obesity has been unequivocally established over the last decades. First, the generation of
experimental lesions in the hypothalamus using a stereotaxic apparatus demonstrated that hypothalamic damage
causes obesity, ﬁrmly establishing the concept of hypothalamic obesity (40). Second, genetic studies of monogenic
obesity syndromes support the role of the hypothalamus
in human obesity. Many of the genes responsible for
human monogenic obesity act through the hypothalamic
leptin/melanocortin pathway (41), pointing to the critical
role of the hypothalamus in human obesity. Finally, unbiased genetic discovery through GWAS further supports a
primary role for the brain in human obesity. GWAS have
identiﬁed >500 loci associated with BMI and obesity, and
the vast majority of the genes located near and/or within
the GWAS loci are enriched in the brain or linked to its
function (42). Therefore, the CNS is now well established
as a critical driver of obesity. Accordingly, studies of central aspects of GIP biology are of increasing importance to
fully understand the role of GIP in obesity and its paradoxical antiobesity effects.
GIPR Expression in the Brain

GIPR expression has been observed throughout the brain,
including CNS sites responsible for energy metabolism.
An early autoradiographic analysis of [125I]GIP identiﬁed
putative GIPR binding sites in several brain regions (43)
but failed to detect GIP binding in the hypothalamus.
Other methodologies, such as in situ hybridization,
Northern blot, and quantitative PCR (qPCR), also showed
broad CNS distribution of GIPR mRNA and included the
hypothalamus (13,44–47). Elegant work by Adriaenssens
et al. (48) recently revealed the anatomical distribution of
GIPR in the CNS at a cellular resolution. They generated a
Cre-dependent reporter mouse that enabled the identiﬁcation of Gipr-positive cells and observed Gipr expression
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throughout the CNS, including the hypothalamic nuclei
(the ARC and dorsomedial and paraventricular nuclei of
the hypothalamus) and hindbrain areas that are involved
in energy balance. Because this model is a germ line
reporter, transient expression of Cre recombinase during
development may be possible. Nevertheless, these data
suggest that GIPR is present in the CNS regions that are
responsible for energy homeostasis and support a CNS
role for GIPR in the control of energy balance.
The Effect of Pharmacological Activation of GIPR in
the CNS on Food Intake and Body Weight

The effect of centrally administered GIP on food intake
was studied as early as the 1980s (Table 1). Woods et al.
(25) found that a single ICV dose of native GIP at 20
pmol had no effect on food intake in rats. For the next
30 years, the CNS role of GIP in energy balance did not
appear in the literature. In 2011, one report demonstrated that chronic ICV administration of native GIP at a
supraphysiological dose (2,000 pmol/day) caused signiﬁcant weight loss in rats, whereas ICV dosing at 20 and
200 pmol/day did not affect body weight or food intake
(26). Further, a central bolus injection of GIP suppressed
food intake in lean C57BI/6 mice at a higher dose (6,000
pmol) but not at lower doses (1,000 and 3,000 pmol)
(27). Similarly, we did not observe changes in food intake
or body weight when native GIP was ICV infused at 30

and 3,000 pmol in lean C57BI/6 mice (13,49). Recently,
Zhang et al. (29) demonstrated that a long-lasting, fatty
acylated GIP agonist suppressed food intake and reduced
body weight of diet-induced obese mice when acutely ICV
administered at 1,000, 3,000, and 6,000 pmol or when
chronically dosed at 20 and 40 pmol/day. Importantly,
the weight loss effect of ICV-administered acyl-GIP was
blunted in brain-speciﬁc GIPR knockout mice (29), suggesting that this effect occurs via GIPR in the
CNS. Interestingly, acyl-GIP stimulates c-fos induction (a
marker for neural activation) in the ARC (29) where GIPR
is expressed (48). Chemogenetic activation of GIPRexpressing cells with Designer Receptors Exclusively Activated by Designer Drugs (DREADD) technology also
resulted in suppressed food intake (48). Thus, food intake
and body weight can be clearly reduced by supraphysiological doses of native GIP or administration of a longlasting GIP derivative.
As shown in Table 1, the ICV doses of the native GIP
needed to reduce food intake are in the range of several
thousand picomoles/brain (i.e., on the order of micromolar concentrations of brain GIP assuming a mouse brain
volume of 1 mL). Because the endogenous GIP concentration in the cerebrospinal ﬂuid (CSF) was reported to be at
the low picomolar range (13), the effective concentrations
of ICV GIP seem to be approximately six orders of magnitude above physiological levels of CSF GIP. Similarly, the

Table 1—Summary of the effects of ICV dosing of the intact GIP and acyl-GIP on body weight and food intake
Effect on
Effect on
First author
Peptides
Dose (pmol)
Duration
Species
Diet
body weight
food intake
(reference no.)
GIP

20

30 min

Rat

NC

—

No

Woods (25)

GIP

20/day

4 days

Rat

NC

No

No

Ambati (26)

GIP

200/day

4 days

Rat

NC

No

No

GIP

2,000/day

4 days

Rat

NC

Decrease

No

GIP

1,000

0–24 h

Mouse

NC

No

No

GIP

3,000

0–24 h

Mouse

NC

No

No

GIP

6,000

0–24 h

Mouse

NC

No

Decrease

GIP

30

24 h

Mouse

NC

—

No

Kaneko (13)

GIP

3,000

24 h

Mouse

NC

No

No

Fu (49)

GIP

30/day

0–3 days

Mouse

NC

No

No

GIP

3,000/day

0–3 days

Mouse

NC

No

No

Acyl-GIP

1,000

0 to 90 h

Mouse

HFD

Decrease

Decrease

Acyl-GIP

3,000

0 to 90 h

Mouse

HFD

Decrease

Decrease

Acyl-GIP

6,000

0 to 90 h

Mouse

HFD

Decrease

Decrease

Acyl-GIP

20/day

0–12 days

Mouse

HFD

Decrease

Decrease

Acyl-GIP

40/day

0–12 days

Mouse

HFD

Decrease

Decrease

NC, normal chow diet.
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enormous ICV doses are also required for GLP-1–induced
anorectic actions (ICV doses of 750–1,000 pmol of exogenous GLP-1) (27,50,51) vs. the lower end of the picomolar
range of endogenous GLP-1 concentration in the CSF
(e.g., 52,53). Thus, an enormous amount of exogenous
GIPs is required to induce the effect. Furthermore, the
effect occurs not only in obese animals but also in normal
chow–fed lean animals, which is not typically observed
with the inhibition of the endogenous GIP signal. With
these observations taken together, it appears that the
pharmacological effects may not be induced by the processes and/or sites in the CNS physiologically engaged by
the endogenous GIP signal, although the exact underlying
mechanisms are unknown. Nevertheless, this important
aspect of GIP biology deﬁnitely warrants future studies.
The Origin of GIP in the Brain

In establishing the physiological relevance of GIPR in the
brain, it is important to determine whether GIP exists in
the brain and whether GIP can cross the BBB (2). In support of the physiological role of GIP in the brain, GIP has
been detected in CSF in humans (54) and mice (13). However, the origin of brain GIP remains unknown. Two
groups have reported centrally produced GIP. Nyberg
et al. (55) found that GIP-immunoreactive cells were
broadly distributed throughout the brain in rats, which
was further conﬁrmed by RT-PCR analysis of Gip mRNA.
Of note, moderate GIP immunoreactivity was detected in
the distinct hypothalamic nuclei (55). Another group also
detected widespread Gip mRNA by in situ hybridization in
the adult rat brain (44). However, centrally expressed GIP
was not detected in other studies (13,47,56). We have
attempted to clarify whether Gip mRNA is expressed in
the hypothalamus of mice using RNA sequencing (RNAseq) and qPCR. We did not detect substantial levels of Gip
mRNA in the hypothalamus of lean mice or mice with
diet-induced obesity mice by qPCR (13); however, we cannot rule out the presence of subdetection levels of Gip
mRNA. Similarly, GIP transcripts were detected at low or
nonexistent levels by RNA-seq analysis of the mediobasal
hypothalamus (Y. Fu et al., data not shown). According to
publicly available data, such as in the Expression Atlas
(57), GIP is not expressed in any brain region in mice.
Additionally, the Human Protein Atlas (58) indicates that
GIP protein and mRNA are detected in the intestine but
not in the brain. Given these conﬂicting data, the presence of endogenous GIP in the brain remains an open
question. In contrast, accumulating evidence suggests
that peripherally injected GIP can reach the brain. Peripherally administered GIP analogs exhibit multiple effects
on brain function (59), including altered cognition and
hippocampal synaptic plasticity. More direct evidence of
GIP permeating the BBB comes from a recent study demonstrating that peripherally injected native GIP increases
GIP levels in CSF collected from the cisterna magna in
mice (13). The ability of GIP to cross the BBB supports its
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physiological relevance to GIPR expressed by the CNS.
Future studies are warranted to clarify the origin of GIP
and its interaction with GIPR in the brain.
The Physiological Role of GIPR in the CNS

It is becoming increasingly clear that pharmacological
activation of central GIPR inﬂuences energy balance. The
next key question is whether this has any biological relevance. The ﬁrst clue came from a study investigating the
effect of inhibition of endogenous GIPR in the brain on
obesity (Fig. 1). In this study, a GIPR-neutralizing antibody (Gipg013, an antibody with high speciﬁcity and
potent antagonism of GIPR [60]) was directly infused into
the brains of mice with diet-induced obesity (13). The
effects of the antibody were robust; at the end of the 15day treatment, animal weight loss reached 15% of the
initial weight. Food intake and fat mass were also signiﬁcantly reduced and glucose homeostasis improved in
obese mice receiving ICV GIPR antibody. The observed
weight loss was likely achieved via reduced food intake
because the treatment did not alter energy expenditure.
Consistent with the phenotype of systemic GIPR knockout mice, weight loss was only observed in obese mice
and not in lean mice. Interestingly, ob/ob mice lacking
functional leptin (another animal model of obesity) did
not lose weight in response to ICV GIPR antibody, implying a potential connection between brain GIPR and
leptin.
Recently, Zhang et al. (29) published genetic evidence
supporting the physiological role of central GIPR in
energy balance. They generated CNS-speciﬁc GIPR knockout mice by crossing Gipr ﬂoxed mice to Nestin-Cre mice,
which express Cre throughout the brain, including neural
and nonneural cells. They found that CNS-speciﬁc GIPR
knockout mice had lower body weights, reduced fat accumulation, and improved glucose metabolism when fed an
HFD. Consistent with the ICV GIPR antibody studies,
CNS-speciﬁc GIPR deﬁciency reduced food intake but did
not alter energy expenditure. Loss of GIPR in the brain

• Long-acting GIP analog
• Neutralizing GIPR antibody
• Brain-specific GIPR deficiency

•
•
•
•
•
•

Body weight (↓)
Adiposity (↓)
Food intake (↓)
Energy expenditure (—)
Fasting blood glucose (↓)
Fasting insulin (↓)

Figure 1—Schematic depiction of the antiobesity effects induced
by central GIP agonism or antagonism. The weight loss effect is
induced by either central administration of a long-acting GIP derivative, a neutralizing GIPR antibody, or genetic loss of brain GIPR.
Interestingly, both central GIP agonism and antagonism have an
effect on food intake but not on energy expenditure. Thus reduced
energy intake is likely to account for the GIP-mediated weight loss.
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did not affect the metabolic proﬁles of lean animals,
which supports the speciﬁc role of GIPR in conditions of
overnutrition. Collectively, brain-speciﬁc inhibition or
deletion of GIPR remarkably improves the metabolic consequences of chronic HFD feeding, which typically include
increased body weight, adiposity, and glucose imbalance
(Fig. 1). CNS-speciﬁc loss of GIPR phenocopies the outcomes of systemic GIPR deﬁciency, suggesting that the
CNS is a key mediator of the observed antiobesity effects.
Supporting the metabolic role of the GIPR in the hypothalamus, our group has also shown that mediobasal
hypothalamic-speciﬁc deletion of GIPR improves energy
and glucose homeostasis under HFD conditions (K.
Kaneko et al., unpublished data). For a deeper understanding of brain GIP biology, it is important to identify
the sites, cell types (neurons, astrocytes, oligodendrocytes,
microglia, and endothelial cells), and chemical identities
of GIP-responsive neurons. Adriaenssens et al. (48) used
single-cell RNA-seq to identify the cell types expressing
GIPR and found that GIPR is expressed not only by neurons but also by other nonneural cells such as vascular
and glial cells in the mouse hypothalamus. Thus, recent
ﬁndings reveal the importance of a previously underappreciated site, the brain, in GIP biology.
The Role of CNS GIPR in Obesity-Associated
Pathogenesis

In addition to its direct effect on feeding behavior
(29,48), GIP may be involved in the physiological
responses to diet-induced obesity (Fig. 2). Overnutrition
triggers profound cellular and physiological changes in
the hypothalamus, which ultimately promote positive
energy balance (61,62). Hypothalamic cellular responses
to HFD produce hypothalamic inﬂammation and cellular
resistance to exogenous leptin and insulin. Given the critical importance of the hypothalamus in energy balance,
hypothalamic reactions to HFD are considered the core of
the pathophysiology of obesity. Over the past few decades, accumulating evidence has identiﬁed the endogenous
GIP-GIPR system as a potential mediator of the physiological response to diet-induced obesity. In this regard, it
is worth noting that the weight-reducing effect of genetic
and pharmacological manipulation of GIP and GIPR is virtually only seen in obesity. Further, GIP secretion from
the gut is potentiated in response to fatty foods, and
higher concentrations of serum GIP are observed in obese
humans and animals (6). These observations suggest that
the GIP system plays a speciﬁc role in obesity. Experimental manipulation of GIPR activity in animals also supports
this connection. As will be described below in more detail,
increasing GIPR activity recapitulates aspects of obesityassociated pathophysiology, such as chronic inﬂammation
and peripheral insulin resistance (63–71). In contrast,
decreasing the endogenous activity of GIPR prevents mice
from developing symptoms of HFD-induced obesity.
Recent studies focusing on brain GIP-GIPR uphold this
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Figure 2—A model depicting a molecular mechanism involved in
the actions of brain GIP signaling. Increased GIP associated with
obesity activates the GIP receptor expressed by the hypothalamus, which in turn stimulates the cAMP-EPAC-RAP1 signaling
cascade. Activation of the pathway results in the induction of
SOCS3 and reduces neural leptin and insulin actions, thereby
mediating dietary obesity. EPAC, the exchange factor directly activated by cAMP; GIP, glucose-dependent insulinotropic polypeptide (or gastric inhibitory polypeptide); SOCS3, suppressor of
cytokine signaling 3.

model by demonstrating that GIP drives a subset of the
hypothalamic pathophysiological changes associated with
dietary obesity. Taking into consideration the accumulating evidence, it is possible that GIP may promote obesityrelated pathophysiological conditions. More speciﬁcally,
GIP may act as a gut signal that arises from excess caloric
intake, signals to the hypothalamus, and drives obesityrelated pathophysiological derangements (Fig. 2).
GIP and Leptin Actions in the CNS

The ﬁrst evidence to suggest a potential role of CNS
GIPR in obesity-related pathophysiology emerged from
attempts by our group to identify circulating factors
inducing hypothalamic leptin resistance. Leptin is a hormone produced and secreted by adipocytes in proportion
to fat mass and acts directly on neurons in the CNS (72).
Leptin signals from adipose tissue to the brain to promote negative energy balance by decreasing food intake
and increasing energy expenditure, which results in
weight loss. Although weight loss is robustly observed
when exogenous leptin is administered to lean individuals, obese individuals typically have elevated levels of circulating leptin and exhibit resistance to exogenous leptin
(72,73). This phenomenon, known as leptin resistance, is
a typical characteristic of the common forms of obesity.
Although the root cause of leptin resistance is not thoroughly understood, hypothalamic neurons in the ARC are
clearly unresponsive to exogenous leptin in the context of
obesity, and this characteristic is likely to be key in deciphering leptin resistance.
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To identify circulating factors that cause leptin resistance,
we adapted a candidate-ligand approach to screen ligands of
G-protein–coupled receptors (GPCRs) that link to cAMPrelated signaling. Previously, we found that cAMP impairs
multiple signaling cascades activated by leptin within the
hypothalamus (74,75). Notably, this effect is mediated not
by the classical cAMP effector, protein kinase A (PKA), but
by a relatively new cAMP effector, EPAC (76), which is a
cAMP-regulated guanine nucleotide exchange factor for the
small G-protein RAP1 (75). Based on this observation that
leptin resistance is potently induced by cAMP-EPAC-RAP1
signaling (75,77), we hypothesized that GPCRs that activate
cAMP-EPAC-RAP1 signaling may also drive leptin resistance.
Candidate GPCR ligands were selected in the International
Union of Basic and Clinical Pharmacology GPCR database
(78). During ex vivo screening, GIP came up as a potent
cause of cellular leptin resistance. Indeed, GIP treatment of
ex vivo hypothalamic explants induces multiple indices of
cellular leptin resistance (13). In vivo studies also suggest
that centrally administered GIP diminished the cellular and
anorectic responses to exogenous leptin (13). In addition,
peripheral administration of native GIP for 3 days at levels
similar to those observed in obese animals markedly blunted
leptin-induced suppression of food intake and weight loss
(13). Thus, the increased levels of GIP associated with obesity sufﬁciently diminish hypothalamic leptin action. Further, mice with systemic GIPR deﬁciency (5) retain leptin
sensitivity even after chronic HFD feeding (13). Obese control mice lose their response to exogenous leptin, suggesting
that GIPR is necessary for diet-induced leptin resistance.
Interestingly, GIP inhibited leptin-induced phosphorylation
of STAT3 (a major signaling molecule mediating the action
of leptin), particularly in ARC neurons both ex vivo and
in vitro (13). Furthermore, an electrophysiological study
demonstrated that GIP blocks leptin-induced neural activation in POMC neurons in the ARC (13). Given that ARC
neurons, including POMC neurons, express GIPR (48),
POMC neurons and other ARC neurons may be GIP targets
in the CNS. Most recently, mice lacking GIPR speciﬁcally in
leptin-responsive cells (LepR cell–speciﬁc GIPR KO mice)
have been developed. After prolonged HFD feeding, control
mice failed to respond to exogenous ICV infusion of leptin
as expected, due to the development of central leptin resistance. Under the same conditions, age- and body weightmatched LepR cell-speciﬁc GIPR KO mice did respond to
ICV leptin, demonstrating signiﬁcantly reduced body weight
and food intake (Y. Fu et al., unpublished observations).
Thus, increased GIP in obesity may mediate cellular leptin
resistance by acting directly on GIPR-expressing, leptinresponsive neurons (Fig. 2).
The Role of GIP in Hypothalamic Inflammation and
Insulin Response

In alignment with its role as a putative obesogenic factor,
GIP has been shown to contribute to peripheral low-grade
inﬂammation and insulin resistance, the hallmarks of
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obesity. GIP stimulated gene expression of proinﬂammatory cytokines and chemokines in cultured and primary
adipocytes (63–68). In vivo studies infusing GIP into the
periphery of animals and humans resulted in increased
adipokines and proinﬂammatory cytokines in adipocytes
(67,69,70). Similarly, high plasma GIP levels are associated with elevated proinﬂammatory gene expression in
obese humans (71). Adipocyte-speciﬁc deletion of GIPR
decreases expression of the proinﬂammatory cytokine IL6 (63,68). Together, these ﬁndings clearly demonstrate
the role of GIP in driving inﬂammatory responses; however, not all studies support this conclusion. For example,
overexpression of GIP (30) or chronic infusion of a longlasting GIP analog (79) reduces adipose tissue macrophage
inﬁltration and proinﬂammatory cytokine expression.
Moreover, GIPR deﬁciency in bone marrow myeloid cells
increases expression of proinﬂammatory factors and
reduces insulin sensitivity (80). Thus, the impact of GIP
on inﬂammation remains incompletely understood.
Recently, an unbiased RNA-seq analysis connected GIP
to hypothalamic inﬂammation. In this study, hypothalamic transcriptomes from mice with or without central
GIP injection (30 pmol/brain) were compared (49). The
majority of the top 50 genes upregulated by GIP stimulation were associated with cytokines and chemokines.
Further, gene ontology and gene set enrichment analysis
of the differentially expressed genes identiﬁed inﬂammatory-related signaling as the most signiﬁcantly represented molecular pathway. Interestingly, this effect is
likely hypothalamic speciﬁc because induction of inﬂammatory-related genes did not occur in the cortex of these
mice. Peripheral injection of a long-acting GIP mimetic,
[D-Ala2]GIP (60 pmol), or native GIP (300 pmol) also
resulted in increased hypothalamic IL-6 mRNA. In contrast, GIPR knockout mice had signiﬁcantly reduced
mRNA levels of proinﬂammatory cytokines and Socs3 in
the hypothalamus. Acute inhibition of GIPR via a centrally delivered neutralizing GIPR antibody also reduced
IL-6 mRNA in the hypothalamus (49). A link between GIP
and IL-6 is further supported by other studies showing
GIP-dependent expression of IL-6 in adipose tissues
(63,68). Along with hypothalamic inﬂammation, GIP
impaired the insulin-induced anorectic response and
insulin-dependent activation of AKT/glycogen synthase
kinase-3b (GSK3b) signaling (49), the crucial signaling
pathway of metabolic action of insulin. These observations support the model that GIP contributes to
diet-induced hypothalamic inﬂammation and insulin
resistance (Fig. 2).
Of note, supraphysiological dosing of a long-lasting
GIP agonist has an opposing effect on neural inﬂammation. In the context of neurodegenerative diseases,
peripheral administration of long-lasting [D-Ala2]GIP
derivatives (2,500 pmol/kg/day) signiﬁcantly reduces the
activation of microglia and astrocytes in the CNS (59).
Further, a dual GLP-1/GIPR agonist more effectively
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reduces proinﬂammatory cytokine levels in the brain in a
mouse model of Alzheimer disease than the GLP-1R agonist alone (81), suggesting that the GIP moiety potentiates the anti-inﬂammatory effect of the GLP-1 agonist. It
is thus of great interest to determine whether similar
antineuroinﬂammatory effects can be induced by inhibition of endogenous GIPR in the CNS.
Hypothalamic GIPR Signaling

Although GIPR signaling in the brain is not fully understood in the context of obesity, the connection between
GIPR and cellular leptin resistance has been established
(13). GIP increases cAMP levels in cultured cells (82–84),
and cAMP acts through PKA and EPAC. GIP-mediated
induction of leptin resistance is completely blocked by speciﬁc EPAC inhibitors (ESI-05 and ESI-09) but is not
affected by PKA inhibitors (PKI14–22 or H89) (13). Moreover, in vivo pharmacological inhibition of EPAC2 blocks
GIP-mediated action in mice (13). In support of the
involvement of the GIPR-EPAC pathway in leptin resistance, GIP increases the biochemical activity of the small
GTPase RAP1, a direct target of EPAC, both ex vivo and
in vivo (13). Loss of RAP1 abrogates the effect of GIP on
leptin. Thus, hypothalamic GIPR activates the EPAC-RAP1
pathway to exert its action on leptin. How GIPR-EPACRAP1 signaling negatively regulates cellular leptin action is
the next logical question. Of the direct inhibitors of the
leptin receptor, only SOCS3 is sufﬁciently induced by activation of the GIPR-EPAC pathway (13). In contrast, SOCS3
mRNA and protein levels decline after pharmacological
inhibition of EPAC or loss of RAP1 (13). Further, in a
Socs3-luciferase reporter mouse (85), signiﬁcantly elevated
luciferase activity was detected in hypothalamic explants in
response to GIP treatment (E.L. Cordonier et al., unpublished observations). Thus, GIP inhibits leptin action by
activating the EPAC-RAP1 pathway and inducing SOCS3,
which directly inhibits the leptin receptor.
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emotional, and cognitive aspects will clarify the appropriate use of central GIP-targeting therapies in humans.
Concluding Remarks

Investigation of the GIP-GIPR system in the brain has
begun to uncover physiological, pathological, and pharmacological roles of CNS GIPR in energy metabolism. Progress in this area includes but is not limited to mapping
of GIPR distribution in the CNS, discovery of the critical
role of CNS GIPR in energy balance, and identiﬁcation of
CNS GIPR-mediated regulation of leptin, insulin, and neuroinﬂammation. These ﬁndings highlight the importance
of the brain for GIP-based obesity therapies, and future
advances in the neurobiology of GIP will further offer a
framework for a better understanding of therapeutic
actions targeting central GIPR by identifying neural circuits and signaling pathways responsible for the GIPmediated antiobesity effects. Emerging data also present
a new perspective on pathophysiological roles of the
endogenous GIP system in the CNS. Gaining further
mechanistic insight into the pathophysiological process
involving CNS GIPR signaling will provide a foundation
for future GIP-based therapeutics for the treatment of
metabolic diseases and neurodegenerative disorders.
Funding. This work was generously supported by grants from the U.S.
Department of Agriculture Agricultural Research Service (3092-51000-064),
the American Heart Association (14BGIA20460080), and the National Institute
of Diabetes and Digestive and Kidney Diseases, National Institutes of Health
(P30-DK079638, R01DK104901, and R01DK126655).
Duality of Interest. No potential conﬂicts of interest relevant to this
article were reported.

Prior Presentation. Parts of this work were presented at the 81st Scientiﬁc Sessions of the American Diabetes Association, virtual meeting, 25–29
June 2021.

References
Other Roles of the Brain GIP System

Several studies have shown that GIPR in the brain modulates brain functions other than metabolic control. GIPRdeﬁcient mice exhibit impaired memory formation and
hippocampus-dependent spatial learning and memory
(86). Consistently, loss of GIPR completely abolishes longterm potentiation in area CA1 of the hippocampus as well
as reduces the number of neuronal progenitor cells in the
dentate gyrus of transgenic mice (87). In addition, mice
vaccinated against GIP display signiﬁcant changes in
behavior in the open ﬁeld test. Conversely, GIP analogs or
GIP/GLP coagonists seem to induce several neuroprotective effects, including stimulating progenitor cell proliferation in the hippocampus, improving learning and memory,
and enhancing synaptic plasticity in animal models of Alzheimer and Parkinson disease (59). Thus, available evidence suggests that brain GIPR has an impact on brain
functions, and further investigation of these psychiatric,

1. Holst JJ, Deacon CF. Is there a place for incretin therapies in obesity and
prediabetes? Trends Endocrinol Metab 2013;24:145–152
2. Campbell JE, Drucker DJ. Pharmacology, physiology, and mechanisms of
incretin hormone action. Cell Metab 2013;17:819–837
3. Marks V. The early history of GIP 1969-2000: from enterogastrone to
major metabolic hormone. Peptides 2020;125:170276
4. Yip RG, Wolfe MM. GIP biology and fat metabolism. Life Sci 2000;66:91–103
5. Miyawaki K, Yamada Y, Ban N, et al. Inhibition of gastric inhibitory
polypeptide signaling prevents obesity. Nat Med 2002;8:738–742
6. Creutzfeldt W, Ebert R, Willms B, Frerichs H, Brown JC. Gastric inhibitory
polypeptide (GIP) and insulin in obesity: increased response to stimulation and
defective feedback control of serum levels. Diabetologia 1978;14:15–24
7. Bailey CJ, Flatt PR, Kwasowski P, Powell CJ, Marks V. Immunoreactive
gastric inhibitory polypeptide and K cell hyperplasia in obese hyperglycaemic
(ob/ob) mice fed high fat and high carbohydrate cafeteria diets. Acta
Endocrinol (Copenh) 1986;112:224–229
8. Polak JM, Pearse AG, Grimelius L, Marks V. Gastrointestinal apudosis in
obese hyperglycaemic mice. Virchows Arch B Cell Pathol Incl Mol Pathol
1975;19:135–150

8

Role of GIPR in CNS for Pathogenesis of Obesity

9. Nasteska D, Harada N, Suzuki K, et al. Chronic reduction of GIP secretion
alleviates obesity and insulin resistance under high-fat diet conditions.
Diabetes 2014;63:2332–2343
10. Althage MC, Ford EL, Wang S, Tso P, Polonsky KS, Wice BM. Targeted
ablation of glucose-dependent insulinotropic polypeptide-producing cells in
transgenic mice reduces obesity and insulin resistance induced by a high fat
diet. J Biol Chem 2008;283:18365–18376
11. Boylan MO, Glazebrook PA, Tatalovic M, Wolfe MM. Gastric inhibitory
polypeptide immunoneutralization attenuates development of obesity in mice.
Am J Physiol Endocrinol Metab 2015;309:E1008–E1018
12. Killion EA, Wang J, Yie J, et al. Anti-obesity effects of GIPR antagonists
alone and in combination with GLP-1R agonists in preclinical models. Sci
Transl Med 2018;10:eaat3392
13. Kaneko K, Fu Y, Lin HY, et al. Gut-derived GIP activates central Rap1 to
impair neural leptin sensitivity during overnutrition. J Clin Invest 2019;129:
3786–3791
14. Svendsen B, Capozzi ME, Nui J, et al. Pharmacological antagonism of the
incretin system protects against diet-induced obesity. Mol Metab 2020;
32:44–55
15. Irwin N, McClean PL, Patterson S, Hunter K, Flatt PR. Active
immunisation against gastric inhibitory polypeptide (GIP) improves blood
glucose control in an animal model of obesity-diabetes. Biol Chem 2009;
390:75–80
16. Fulurija A, Lutz TA, Sladko K, et al. Vaccination against GIP for the
treatment of obesity. PLoS One 2008;3:e3163
17. Montgomery IA, Irwin N, Flatt PR. Active immunization against (Pro(3))GIP
improves metabolic status in high-fat-fed mice. Diabetes Obes Metab
2010;12:744–751
18. Nakamura T, Tanimoto H, Mizuno Y, et al. Gastric inhibitory polypeptide
receptor antagonist, SKL-14959, suppressed body weight gain on dietinduced obesity mice. Obes Sci Pract 2018;4:194–203
19. Speliotes EK, Willer CJ, Berndt SI, et al.; MAGIC; Procardis Consortium.
Association analyses of 249,796 individuals reveal 18 new loci associated
with body mass index. Nat Genet 2010;42:937–948
20. Okada Y, Kubo M, Ohmiya H, et al.; GIANT consortium. Common variants
at CDKAL1 and KLF9 are associated with body mass index in east Asian
populations. Nat Genet 2012;44:302–306
21. Dorajoo R, Blakemore AIF, Sim X, et al. Replication of 13 obesity loci
among Singaporean Chinese, Malay and Asian-Indian populations. Int J Obes
(Lond) 2012;36:159–163
22. Wen W, Cho YS, Zheng W, et al.; Genetic Investigation of
ANthropometric Traits (GIANT) Consortium. Meta-analysis identiﬁes common
variants associated with body mass index in east Asians. Nat Genet
2012;44:307–311
23. Turcot V, Lu Y, Highland HM, et al.; CHD Exome1 Consortium; EPIC-CVD
Consortium; ExomeBP Consortium; Global Lipids Genetic Consortium; GoT2D
Genes Consortium; EPIC InterAct Consortium; INTERVAL Study; ReproGen
Consortium; T2D-Genes Consortium; MAGIC Investigators; Understanding
Society Scientiﬁc Group. Protein-altering variants associated with body mass
index implicate pathways that control energy intake and expenditure in
obesity. Nat Genet 2018;50:26–41
24. Killion EA, Lu SC, Fort M, Yamada Y, Veniant MM, Lloyd DJ. Glucosedependent insulinotropic polypeptide receptor therapies for the treatment of
obesity, do agonists = antagonists? Endocr Rev 2020;41:bnz002
25. Woods SC, West DB, Stein LJ, et al. Peptides and the control of meal
size. Diabetologia 1981;20(Suppl. 1):305–313
26. Ambati S, Duan J, Hartzell DL, Choi YH, Della-Fera MA, Baile CA. GIPdependent expression of hypothalamic genes. Physiol Res 2011;60:941–950
27. NamKoong C, Kim MS, Jang BT, Lee YH, Cho YM, Choi HJ. Central
administration of GLP-1 and GIP decreases feeding in mice. Biochem Biophys
Res Commun 2017;490:247–252

Diabetes

28. Mroz PA, Finan B, Gelfanov V, et al. Optimized GIP analogs promote body
weight lowering in mice through GIPR agonism not antagonism. Mol Metab
2019;20:51–62
29. Zhang Q, Delessa CT, Augustin R, et al. The glucose-dependent
insulinotropic polypeptide (GIP) regulates body weight and food intake via
CNS-GIPR signaling. Cell Metab 2021;33:833–844.e5
30. Kim SJ, Nian C, Karunakaran S, Clee SM, Isales CM, McIntosh CH. GIPoverexpressing mice demonstrate reduced diet-induced obesity and steatosis,
and improved glucose homeostasis. PLoS One 2012;7:e40156
31. Frias JP, Nauck MA, Van J, et al. Efﬁcacy and safety of LY3298176, a
novel dual GIP and GLP-1 receptor agonist, in patients with type 2 diabetes: a
randomised, placebo-controlled and active comparator-controlled phase 2
trial. Lancet 2018;392:2180–2193
32. Finan B, Ma T, Ottaway N, et al. Unimolecular dual incretins maximize
metabolic beneﬁts in rodents, monkeys, and humans. Sci Transl Med
2013;5:209ra151
33. Nauck MA, Holle H, Kahle M, et al. No evidence of tachyphylaxis for
insulinotropic actions of glucose-dependent insulinotropic polypeptide (GIP) in
subjects with type 2 diabetes, their ﬁrst-degree relatives, or in healthy
subjects. Peptides 2020;125:170176
34. Killion EA, Chen M, Falsey JR, et al. Chronic glucose-dependent insulinotropic
polypeptide receptor (GIPR) agonism desensitizes adipocyte GIPR activity mimicking
functional GIPR antagonism. Nat Commun 2020;11:4981
35. Campbell JE. Targeting the GIPR for obesity: to agonize or antagonize?
Potential mechanisms. Mol Metab 2021;46:101139
36. Elmquist JK, Elias CF, Saper CB. From lesions to leptin: hypothalamic
control of food intake and body weight. Neuron 1999;22:221–232
37. Rodrıguez EM, Blazquez JL, Guerra M. The design of barriers in the
hypothalamus allows the median eminence and the arcuate nucleus to enjoy
private milieus: the former opens to the portal blood and the latter to the
cerebrospinal ﬂuid. Peptides 2010;31:757–776
38. Cone RD. Anatomy and regulation of the central melanocortin system.
Nat Neurosci 2005;8:571–578
39. Schwartz MW, Porte D Jr. Diabetes, obesity, and the brain. Science
2005;307:375–379
40. Hetherington AW, Ranson SW. Hypothalamic lesions and adiposity in the
rat. Anat Rec 1940;78:149–172
41. Farooqi IS, O’Rahilly S. Mutations in ligands and receptors of the leptinmelanocortin pathway that lead to obesity. Nat Clin Pract Endocrinol Metab
2008;4:569–577
42. Locke AE, Kahali B, Berndt SI, et al.; LifeLines Cohort Study; ADIPOGen
Consortium; AGEN-BMI Working Group; CARDIOGRAMplusC4D Consortium; CKDGen Consortium; GLGC; ICBP; MAGIC Investigators; MuTHER
Consortium; MIGen Consortium; PAGE Consortium; ReproGen Consortium; GENIE
Consortium; International Endogene Consortium. Genetic studies of body mass
index yield new insights for obesity biology. Nature 2015;518:197–206
43. Kaplan AM, Vigna SR. Gastric inhibitory polypeptide (GIP) binding sites in
rat brain. Peptides 1994;15:297–302
44. Paratore S, Ciotti MT, Basille M, et al. Gastric inhibitory polypeptide and its
receptor are expressed in the central nervous system and support neuronal
survival. Cent Nerv Syst Agents Med Chem 2011;11:210–222
45. Regard JB, Sato IT, Coughlin SR. Anatomical proﬁling of G proteincoupled receptor expression. Cell 2008;135:561–571
46. Bates HE, Campbell JE, Ussher JR, et al. Gipr is essential for adrenocortical
steroidogenesis; however, corticosterone deﬁciency does not mediate the favorable
metabolic phenotype of Gipr( / ) mice. Diabetes 2012;61:40–48
47. Usdin TB, Mezey E, Button DC, Brownstein MJ, Bonner TI. Gastric
inhibitory polypeptide receptor, a member of the secretin-vasoactive intestinal
peptide receptor family, is widely distributed in peripheral organs and the
brain. Endocrinology 1993;133:2861–2870

diabetes.diabetesjournals.org

48. Adriaenssens AE, Biggs EK, Darwish T, et al. Glucose-dependent insulinotropic
polypeptide receptor-expressing cells in the hypothalamus regulate food intake. Cell
Metab 2019;30:987–996.e6
49. Fu Y, Kaneko K, Lin HY, et al. Gut hormone GIP induces inﬂammation and
insulin resistance in the hypothalamus. Endocrinology 2020;161:bqaa102
50. Scrocchi LA, Brown TJ, MaClusky N, et al. Glucose intolerance but
normal satiety in mice with a null mutation in the glucagon-like peptide 1
receptor gene. Nat Med 1996;2:1254–1258
51. Lockie SH, Heppner KM, Chaudhary N, et al. Direct control of brown
adipose tissue thermogenesis by central nervous system glucagon-like
peptide-1 receptor signaling. Diabetes 2012;61:2753–2762
52. Christensen M, Sparre-Ulrich AH, Hartmann B, et al. Transfer of
liraglutide from blood to cerebrospinal ﬂuid is minimal in patients with type 2
diabetes. Int J Obes (Lond) 2015;39:1651–1654
53. Glage S, Klinge PM, Miller MC, et al. Therapeutic concentrations of
glucagon-like peptide-1 in cerebrospinal ﬂuid following cell-based delivery
into the cerebral ventricles of cats. Fluids Barriers CNS 2011;8:18
54. Lee S, Tong M, Hang S, Deochand C, de la Monte S. CSF and brain
indices of insulin resistance, oxidative stress and neuro-inﬂammation in early
versus late Alzheimer’s disease. J Alzheimers Dis Parkinsonism 2013;3:128
55. Nyberg J, Jacobsson C, Anderson MF, Eriksson PS. Immunohistochemical
distribution of glucose-dependent insulinotropic polypeptide in the adult rat
brain. J Neurosci Res 2007;85:2099–2119
56. Adriaenssens AE, Gribble FM, Reimann F. The glucose-dependent
insulinotropic polypeptide signaling axis in the central nervous system. Peptides
2020;125:170194
57. Papatheodorou I, Fonseca NA, Keays M, et al. Expression Atlas: gene and
protein expression across multiple studies and organisms. Nucleic Acids Res
2018;46:D246–D251
58. Thul PJ, Åkesson L, Wiking M, et al. A subcellular map of the human
proteome. Science 2017;356:eaal3321
59. Zhang ZQ, H€olscher C. GIP has neuroprotective effects in Alzheimer and
Parkinson’s disease models. Peptides 2020;125:170184
60. Ravn P, Madhurantakam C, Kunze S, et al. Structural and pharmacological
characterization of novel potent and selective monoclonal antibody antagonists
of glucose-dependent insulinotropic polypeptide receptor. J Biol Chem
2013;288:19760–19772
61. Ryan KK, Woods SC, Seeley RJ. Central nervous system mechanisms
linking the consumption of palatable high-fat diets to the defense of greater
adiposity. Cell Metab 2012;15:137–149
62. K€onner AC, Br€uning JC. Selective insulin and leptin resistance in
metabolic disorders. Cell Metab 2012;16:144–152
63. Joo E, Harada N, Yamane S, et al. Inhibition of gastric inhibitory
polypeptide receptor signaling in adipose tissue reduces insulin resistance and
hepatic steatosis in high-fat diet–fed mice. Diabetes 2017;66:868–879
64. Nie Y, Ma RC, Chan JC, Xu H, Xu G. Glucose-dependent insulinotropic
peptide impairs insulin signaling via inducing adipocyte inﬂammation in
glucose-dependent insulinotropic peptide receptor-overexpressing adipocytes.
FASEB J 2012;26:2383–2393
65. Timper K, Grisouard J, Sauter NS, et al. Glucose-dependent
insulinotropic polypeptide induces cytokine expression, lipolysis, and insulin
resistance in human adipocytes. Am J Physiol Endocrinol Metab 2013;
304:E1–E13
66. Chen S, Okahara F, Osaki N, Shimotoyodome A. Increased GIP signaling
induces adipose inﬂammation via a HIF-1a-dependent pathway and impairs
insulin sensitivity in mice. Am J Physiol Endocrinol Metab 2015;308:
E414–E425
€ Osterhoff MA, Sch€uler R, et al. GIP increases adipose
67. G€ogebakan O,
tissue expression and blood levels of MCP-1 in humans and links high

Fukuda

9

energy diets to inﬂammation: a randomised trial. Diabetologia 2015;58:
1759–1768
68. Beaudry JL, Kaur KD, Varin EM, et al. Physiological roles of the GIP
receptor in murine brown adipose tissue. Mol Metab 2019;28:14–25
69. Ahlqvist E, Osmark P, Kuulasmaa T, et al. Link between GIP and osteopontin
in adipose tissue and insulin resistance. Diabetes 2013;62:2088–2094
70. Lamont BJ, Drucker DJ. Differential antidiabetic efﬁcacy of incretin agonists
versus DPP-4 inhibition in high fat fed mice. Diabetes 2008;57:190–198
71. Goralska J, Razny U, Polus A, et al. Pro-inﬂammatory gene expression
proﬁle in obese adults with high plasma GIP levels. Int J Obes (Lond)
2018;42:826–834
72. Friedman JM. Leptin and the endocrine control of energy balance. Nat
Metab 2019;1:754–764
73. Pan WW, Myers MG Jr. Leptin and the maintenance of elevated body
weight. Nat Rev Neurosci 2018;19:95–105
74. Kaneko K, Xu P, Cordonier EL, et al. Neuronal Rap1 regulates energy
balance, glucose homeostasis, and leptin actions. Cell Rep 2016;16:3003–3015
75. Fukuda M, Williams KW, Gautron L, Elmquist JK. Induction of leptin
resistance by activation of cAMP-Epac signaling. Cell Metab 2011;13:331–339
76. Gloerich M, Bos JL. Epac: deﬁning a new mechanism for cAMP action.
Annu Rev Pharmacol Toxicol 2010;50:355–375
77. Sands WA, Woolson HD, Milne GR, Rutherford C, Palmer TM. Exchange
protein activated by cyclic AMP (Epac)-mediated induction of suppressor of
cytokine signaling 3 (SOCS-3) in vascular endothelial cells. Mol Cell Biol
2006;26:6333–6346
78. Armstrong JF, Faccenda E, Harding SD, et al.; NC-IUPHAR. The IUPHAR/
BPS Guide to PHARMACOLOGY in 2020: extending immunopharmacology
content and introducing the IUPHAR/MMV Guide to MALARIA PHARMACOLOGY.
Nucleic Acids Res 2020;48:D1006–D1021
79. Varol C, Zvibel I, Spektor L, et al. Long-acting glucose-dependent insulinotropic
polypeptide ameliorates obesity-induced adipose tissue inﬂammation. J Immunol
2014;193:4002–4009
80. Mantelmacher FD, Zvibel I, Cohen K, et al. GIP regulates inﬂammation
and body weight by restraining myeloid-cell-derived S100A8/A9. Nat Metab
2019;1:58–69
81. Maskery M, Goulding EM, Gengler S, Melchiorsen JU, Rosenkilde MM,
H€olscher C. The dual GLP-1/GIP receptor agonist DA4-JC shows superior
protective properties compared to the GLP-1 analogue liraglutide in the APP/
PS1 mouse model of Alzheimer’s disease. Am J Alzheimers Dis Other Demen
2020;35:1533317520953041
82. Siegel EG, Creutzfeldt W. Stimulation of insulin release in isolated rat
islets by GIP in physiological concentrations and its relation to islet cyclic AMP
content. Diabetologia 1985;28:857–861
83. Amiranoff B, Vauclin-Jacques N, Laburthe M. Functional GIP receptors in
a hamster pancreatic beta cell line, In 111: speciﬁc binding and biological
effects. Biochem Biophys Res Commun 1984;123:671–676
84. Wheeler MB, Gelling RW, McIntosh CH, Georgiou J, Brown JC, Pederson
RA. Functional expression of the rat pancreatic islet glucose-dependent
insulinotropic polypeptide receptor: ligand binding and intracellular signaling
properties. Endocrinology 1995;136:4629–4639
85. Cordonier EL, Liu T, Saito K, Chen SS, Xu Y, Fukuda M. Luciferase
reporter mice for in vivo monitoring and ex vivo assessment of hypothalamic
signaling of Socs3 expression. J Endocr Soc 2019;3:1246–1260
86. Faivre E, Gault VA, Thorens B, H€olscher C. Glucose-dependent insulinotropic
polypeptide receptor knockout mice are impaired in learning, synaptic plasticity,
and neurogenesis. J Neurophysiol 2011;105:1574–1580
87. Tian JQ, Wang Y, Lin N, Guo YJ, Sun SH, Zou DJ. Active immunization
with glucose-dependent insulinotropic polypeptide vaccine inﬂuences brain
function and behaviour in rats. Scand J Immunol 2010;72:1–7

