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During the past decade, pharmaceutical engineering of
unimolecular agents has revealed the therapeutic
potential of glucose-dependent insulinotropic polypep-
tide receptor (GIPR) agonism. From this work, one of
the most intriguing findings is that engagement of GIPR
enhances the weight loss profile of glucagon-like pep-
tide 1 (GLP-1)-based therapeutics. Consequently, this
pharmacological approach, in combination with novel
Gipr mouse models, has provided evidence indicating
that activation of GIPR in certain areas of the brain that
regulate energy balance is required for the synergistic
weight loss of dual GIPR and GLP-1 receptor (GLP-1R)
agonism. This has led to significant interest in under-
standing how GIPR activity in the brain functions to
reduce caloric intake, induce negative energy balance,
and drive weight loss. Herein, we review key findings in
this field and provide a novel perspective explaining
how GIP may act in the brain to affect energy balance
both alone and in concert with GLP-1R agonism.

THE CHALLENGE

Type 2 diabetes (T2D) is the most prevalent form of dia-
betes worldwide. Traditionally classed as adult onset, the
rising incidence of T2D in ever younger proportions of
the population is being driven by another pandemic: obe-
sity. For patients suffering from metabolic disease, weight
loss can significantly improve glycemic control and, in
some cases, leads to the reversal of T2D (1). Thus, thera-
pies that promote weight loss, in addition to improving
blood glucose levels, are important for the treatment of
diabetes. Although strategies aimed at promoting

healthier lifestyles are important interventions for curtail-
ing the rise in obesity and related comorbidities, it is evi-
dent that such public health policy efforts alone are not
enough, as rates of obesity and T2D continue to rise. As
current trends predict that 20% of the world’s population
will be obese in 2025 (2), pharmaceutical approaches to
combat obesity and diabetes are a necessary next step to
address this burgeoning health crisis. Mechanistically, it is
increasingly evident that obesity is driven by aberrations
in signaling pathways of the central nervous system
(CNS), with most single nucleotide polymorphisms associ-
ated with high BMI localizing to genes encoding proteins
that exert their functions in the brain (3). Central signal-
ing pathways therefore represent promising targets for
antiobesity therapeutics.

INCRETIN-BASED THERAPIES IN METABOLIC
DISEASE

Glucagon-like peptide 1 (GLP-1) is an incretin hormone
that regulates postprandial glycemia by augmenting glu-
cose-dependent insulin secretion, delaying gastric empty-
ing, and suppressing appetite (4). The broad effects
ascribed to the GLP-1 axis are the foundation of its meta-
bolic utility and led to the development of GLP-1–based
medicines. The GLP-1 receptor agonist (GLP-1RA) drug
class is now firmly established as a pharmacologic therapy
not only for the treatment of T2D but also for obesity (5)
and may have further benefit for patients with T2D
experiencing cardiorenal dysfunction (4,6). However,
despite the compelling attributes of GLP-1 therapeutics,
many patients still do not reach their glycemic and weight
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loss goals (7). This combined with the sheer scale of the
obesity and T2D pandemics drives the need to identify
agents capable of complementing and enhancing GLP-1R
agonism (8).

NEXT GENERATION OF T2D THERAPEUTICS

It is anticipated that the next generation of T2D medica-
tions will be designed to engage complementary mecha-
nisms through novel pharmaceutical engineering of
unimolecular agents (9). One such strategy is centered on
generating single peptide agonists created to harness
GLP-1R activity while also targeting the glucose-depen-
dent insulinotropic polypeptide receptor (GIPR). The aim
of this new approach is to further augment metabolic
benefits while minimizing adverse events (10). Impor-
tantly, this approach has resulted in enhanced glycemic
control and unprecedented weight loss in T2D patients,
highlighting the GIPR signaling axis as a promising and
effective cotarget (11). Consequently, these dual agonists
have spurred renewed interest in understanding how
engagement of the GIPR contributes to enhanced meta-
bolic control, with particular focus on the apparently ben-
eficial effects on weight loss (10).

THE COMEBACK OF GIP AS A THERAPEUTIC
TARGET

GIP is a gut hormone produced in enteroendocrine cells lin-
ing the upper small intestine and is secreted in response to
the consumption of dietary nutrients (12). Similar to GLP-
1, GIP plays a key role in the regulation of glucose homeo-
stasis following meals, with evidence today pointing toward
GIP being the primary incretin in man (13). In addition,
GIP is implicated in postprandial lipid metabolism (12), a
phenomenon that has contributed to the hypothesis that
GIP could promote obesity (14). Consequently, this has led
to the suggestion that blocking GIP action may be a viable
therapeutic approach for promoting weight loss (15). To
date, however, pharmacological approaches to augmenting
GIPR activity have demonstrated neither weight gain nor
metabolic dysregulation (16–18). In fact, over the last 10
years, advancements in therapeutic peptide design have led
to the discovery that rather than driving weight gain, GIPR
agonism induces negative energy balance (11,19,20).

Herein, we discuss recent insights into the previously
underappreciated role of the central GIPR signaling axis
in regulating energy balance. Further, a novel rationale is
presented explaining how GIPR agonism in the CNS may
enhance the weight loss profile of GLP-1R agonism.

GIP DOES NOT PROMOTE A POSITIVE ENERGY
BALANCE

The historical framing of GIP as an obesogenic factor cen-
ters on its activity in the adipocyte. The coupling of lipid
intake with its appropriate storage within white adipose
tissue (WAT) is essential to maintaining metabolic health

(21). One of the primary signals to induce GIP secretion
is the ingestion of dietary lipid (22). The GIPR is
expressed by adipocytes (23), where GIP acts to enhance
both insulin-dependent and -independent triglyceride syn-
thesis (24). In preclinical models and in healthy humans
and humans with diabetes, GIP promotes postprandial tri-
glyceride clearance in WAT (25–30). WAT storage of die-
tary triglyceride is essential to glycemic control, and since
GIP has been shown to help regulate this process, it
would be expected that inhibiting GIP action could impair
lipid storage and result in ectopic lipid accumulation in
other metabolic organs. Consistent with this, blockade of
GIPR impairs postprandial lipid clearance in rodents and
man (28,29). Further, both white adipocyte– and brown
adipocyte–specific Gipr-null animals display impaired lipid
tolerance (26,27). Thus, these findings support the notion
that GIP is a gut-derived factor that couples the ingestion
of dietary triglyceride with its proper storage within WAT
(10).

Despite early studies recognizing the therapeutic
potential of GIP to promote storage of dietary triglyceride
in WAT (31), data collected from genetic knockout studies
(Gip or Gipr) suggested that in the absence of a functional
GIP axis, mice are protected from diet-induced obesity
(14,32). This inspired the hypothesis that GIP is an obe-
sogenic factor and the suggestion that inhibiting GIP
activity is a viable approach for treating obesity and T2D
(15). Undeniably the inhibition of GIP signaling protects
mice from diet-induced obesity (33). It is unlikely, how-
ever, that the protection from weight gain through either
genetic or pharmacological blockade of the GIP axis is due
to the ability of GIP to augment the lipid-buffering capac-
ity of WAT. This is because the only mechanisms underly-
ing body weight gain include increased caloric intake and/
or reduced caloric expenditure (34), with the amount of
lipid stored within WAT reflecting the difference between
these two components of energy homeostasis (34). There-
fore, for GIP to drive weight gain, it would have to impact
either one or both sides of the energy balance equation.
To date, however, there is little evidence indicating that
GIP promotes positive energy balance (16,18,35–37). To
the contrary, acute infusion of supraphysiological levels of
GIP has no effect on body weight, food intake, or caloric
expenditure in adult humans (13). Further, chronic treat-
ment with short- and long-acting GIPR agonists does not
drive weight gain, promote hyperphagia, or decrease met-
abolic rate in either lean or obese mice (16,19,20,36).
Lastly, it should be noted that genetic or pharmacological
blockade of the GLP-1R also offers protection against
diet-induced obesity in mice (38,39), demonstrating that
both incretin hormones are subject to the same agonist/
antagonist paradox.

GIP INDUCES A NEGATIVE ENERGY BALANCE

Although there are no reports showing that GIPR ago-
nism increases adiposity, over the last 10 years, it has
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become apparent that GIP can induce a negative energy
balance (20,40). Overexpression of GIP in mice reduces
body weight due to both reduced caloric intake and
increased energy expenditure (40). Further, administra-
tion of long-acting GIPR agonists in some instances sup-
presses appetite and reduces body weight in obese mice
(19,20). Similarly, cotreatment with GIPR agonist and
GLP-1RA reduces food intake and body weight beyond
that achieved by either agent given alone in obese mice
(16,36), and importantly, dual GIPR and GLP-1R agonism
has been demonstrated to deliver superior weight loss in
T2D patients when compared with a selective GLP-1RA
(16,36). The relative contribution of GIPR signaling to the
success of GIPR/GLP-1R dual agonists in altering energy
balance is still uncertain, as, in preclinical models, both
GIPR agonists and antagonists enhance appetite suppres-
sion and weight loss mediated by GLP-1RA treatment in
mice (16,33,36). These novel pharmacological approaches
have, however, clearly presented GIPR as an important
candidate drug target for regulating energy homeostasis.
In light of these findings, there is now significant interest
in understanding how GIP functions to suppress appetite
and, thereby, promote negative energy balance (10). The
ability of GIP-based therapeutics to reduce food intake
suggests that the effects of modulating GIPR activity on
body weight may be due to central GIPR signaling that
recruits neural networks regulating energy balance and
feeding behavior. This apparent involvement of the CNS
has reinvigorated interest in GIP as a previously over-
looked player in the gut-brain axis.

THE GIPR IS PRESENT IN REGIONS OF THE BRAIN
KNOWN TO REGULATE ENERGY BALANCE

A prerequisite for GIP and GIP-based agonists to directly
engage central pathways regulating energy homeostasis is
the localization of GIPR within brain regions governing
energy balance. Gipr expression has been measured in
homogenates of brain tissue with quantitative PCR and
visualized in whole brain slices with use of in situ hybridi-
zation, and the presence of functional GIPR has been
demonstrated through radio ligand binding (41–43). To
achieve a high-resolution neuroanatomical atlas of Gipr
expression at the single-cell level, we recently developed a
transgenic mouse line expressing Cre recombinase under
the control of the Gipr promotor (Gipr-Cre) (44). In Gipr-
Cre mice crossed with an EYFP Cre reporter strain, EYFP
is expressed in cells transcribing Gipr, enabling the detec-
tion of Gipr-expressing (Gipr1) cells via immunostaining
for EYFP, circumventing limitations of current immuno-
histochemical reagents. In these studies, Gipr was found
to be widely expressed throughout the brain, and Gipr1
cells were mapped to several brain regions that are key to
energy balance, including the paraventricular, dorsome-
dial, and arcuate nuclei of the hypothalamus and the area
postrema (AP) and nucleus tractus solitarius of the hind-
brain (44). These nuclei are implicated in the control of

meal patterning, food seeking, and nausea and are essen-
tial to the regulation of energy homeostasis (reviewed in
45,46). The expression of Gipr in these regions supports a
role for the GIPR signaling axis in the central control of
energy balance. Moving forward, the relative contribu-
tions of different Gipr1 subpopulations (defined by their
neuroanatomical location) to GIPR agonist–induced anorexia
will be an important area of investigation in coming years.

Having identified putative sites of action for GIP-based
pharmacology in the CNS, there is an urgent need to elu-
cidate the mechanism(s) underpinning the metabolic ben-
efit of GIPR agonism. Here, we present three hypotheses
(see Fig. 1) that may explain how central GIPR activity
affects energy balance: 1) GIP engages neurons that con-
trol appetite, 2) GIP functions as an antiemetic agent,
and 3) GIP regulates access of peripheral factors to brain
regions that control feeding.

1) GIP Engages Neurons That Control Appetite
Peripherally administered GIPR agonists have been shown
to induce neuronal activation (c-Fos) in the arcuate and
ventromedial nuclei of the hypothalamus, confirming that
the brain is a target organ for GIP-based pharmacology
(19). While these data cannot confirm whether GIP-acti-
vated neuronal populations express Gipr, the c-Fos–acti-
vated regions in part overlap with Gipr1 nuclei (44).
Given their location in the median eminence and AP, as
well as brain regions directly apposing circumventricular
organs (CVOs), Gipr1 cells are well placed anatomically to
act as homeostatic signaling hubs within the brain, sens-
ing circulating factors to indicate the nutritional status of
an organism and relaying this information to central
nuclei that regulate energy balance. Indeed, we recently
highlighted the potential of Gipr1 cells to impact feeding
behavior by showing that the chemogenetic activation of
Gipr1 neurons in the hypothalamus reduces dark-phase
food intake in both fed and fasted animals (44). Further,
the importance of central Gipr1 cells in engaging appetite
and body weight regulatory pathways has been demon-
strated with a CNS Gipr knockout model. These studies
showed that central Gipr expression is necessary for long-
acting GIPR agonists to reduce body weight and food
intake, the latter of which is likely due to enhanced satia-
tion as measured by reduced meal size (19). While these
reports showed that central GIPR signaling is required for
weight loss, future studies are needed to elucidate the
specific areas of the brain and/or neuronal populations
targeted by GIPR agonists to suppress appetite and drive
weight loss.

While chemogenetic and central Gipr knockout data
indicate that hypothalamic Gipr1 cells integrate with net-
works controlling appetite, these circuits are, as yet,
largely undefined. Although there is coexpression of the
Gipr and Glp1r in the arcuate and dorsomedial nuclei of
the hypothalamus in mice and humans, a large proportion
of Gipr1 cells do not express Glp1r (44), suggesting that
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GIP may engage neurocircuitry that is separate from that
triggered by GLP-1 for inducing changes in feeding behav-
ior. Consistent with this, ICV administration of GIP or
GLP-1 induces neuronal activity (c-Fos) in distinct as well
as overlapping neurons in the hypothalamus (47). Further
exemplifying that GIP and GLP-1 engage distinct neuro-
circuitry, in the hindbrain, Zhang et al. (48) recently dem-
onstrated that Glp1r1 neurons of the AP are predominantly
glutamatergic, whereas those expressing Gipr are principally
GABAergic. Critically, however, it is clear, that both Gipr1
and Glp1r1 circuitry are necessary for the superior weight
loss of GIPR/GLP-1R dual agonists, as CNS-specific knockout
of Gipr expression ablates the ability of dual agonists to
reduce body weight beyond what is achieved by GLP-1R ago-
nism alone (19). Thus, although these studies demonstrated
the necessity of central GIPR engagement in synergistic
weight loss, further characterization of Gipr1 versus Glp1r1
neurons, as well as their separate but complementary neuro-
circuits, will be paramount to understanding of how GIP-
based therapeutics drive pronounced weight loss.

In the hypothalamus, preliminary insight into which neu-
roregulatory circuits are engaged by GIP analogs is provided
by single-cell RNA sequencing analyses. Transcriptomic char-
acterization of hypothalamic Gipr1 neurons indicates that

the majority are somatostatinergic and that >40% also
express Avp and Cartpt—genes encoding neuromodulators
with established anorectic function (44,49,50). Calcium
imaging in isolated Gipr1 neurons confirmed functional
expression of cell surface receptors encoded by Cckbr and
Ghsr, suggesting shared circuitry among GIP, CCK, and ghre-
lin. GIPR activity is also likely to signal through leptin-sens-
ing pathways, modulating hypothalamic leptin sensitivity
(51). Further, initial transcriptomic profiling of Gipr1 neu-
rons of the AP indicates that Gipr is expressed by neurons
distinct from those responsive to satiety and aversive agents
such as GLP-1, GDF15, and amylin (19). Collectively, these
studies begin to inform a model for Gipr1 neuronal circuitry
and signaling mechanisms. In the coming years, more work
will be necessary to validate this model and to further clarify
how Gipr1 cells contribute to the integration of peripheral
signals into neural signaling cascades affecting feeding
behavior.

2) GIP Functions as an Antiemetic Agent
GLP-1RAs reduce food intake by targeting neuronal cir-
cuits that suppress appetite or induce nausea and vomit-
ing (52). Consequently, a barrier to achieving the full
therapeutic potential of GLP-1–based medicines is the
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Figure 1—Proposed central actions of GIP and GIPR agonists. 1) Gipr is expressed by neurons in brain regions with established roles in
controlling food intake, namely, the hypothalamus and the AP. Chemogenetic activation of hypothalamic Gipr1 neurons suppresses food
intake in mice, confirming their potential to regulate feeding behavior. GIPR agonism may therefore recruit neurocircuitry that controls
appetite and body weight regulatory pathways by directly activatingGipr1 neurons in these key regions. 2) GIPR agonists alleviate emesis
and aversive behaviors induced by nauseating agents. The activation of Gipr1 circuitry may therefore integrate and/or inhibit central
relays promoting nausea. 3) Gipr is expressed by oligodendrocytes and cell types constituting the neurovascular unit. As these cell types
are known to regulate the permeability and perfusion of the brain parenchyma, activation of GIPR on oligodendrocytes and cells of the
microvasculature may increase the access of peripheral signals—such as peptide agonists and endogenous gut hormones—to feeding
centers that are normally protected by the diffusional barriers of the brain. CeA, central nucleus of the amygdala; GIPRA, GIPR agonist;
NTS, nucleus tractus solitarius; PBN, parabrachial nucleus. Blue arrows indicate promotion of activation, and red lines indicate inhibition.
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occurrence of dose-limiting nausea and emesis (53). Inter-
estingly, GIPR agonists have been shown to reduce the
emetic response of nauseating agents such as cisplatin
and morphine in ferrets (54). These findings subsequently
prompted the hypothesis that GIPR agonism enhances
the weight loss profile of GLP-1–based therapeutics by
negating their nauseating activity, thereby enabling
higher dosing, while simultaneously potentiating appetite
suppression and thereby expanding the therapeutic index
and maximizing patient compliance (10). Indeed, it has
recently been shown that GIPR agonism blocks the emetic
effect of a long-acting GLP-1RA in the house musk shrew
(55). Although speculation, whether GIP plays a physio-
logical role in regulating nausea, and whether GIPR
antagonism reduces food intake as a result of loss of
GIP-dependent antiaversive action to factors like GLP-1
and GDF15, requires further investigation. The CNS con-
trol of nausea occurs via the detection of potentially toxic
stimuli by AP or vagus/nucleus tractus solitarius neurons
that subsequently communicate this information to the
parabrachial nucleus (45), a known relay center for aver-
sive stimuli that functions to regulate the defense against
the consumption of toxic substances (56). Thus, future
studies should investigate whether GIP reduces caloric
intake and protects from nausea and emesis by targeting
the same and/or distinct neuronal circuits. The finding
that GIPR agonism blocks GLP-1–mediated nausea while
simultaneously enhancing appetite suppression could
have clinical implications for GLP-1 pharmacotherapy.
Further investigation should also explore the potential
value of GIPR agonism used in combination with other
weight loss agents similarly hindered by nausea-depen-
dent tolerability issues in nonhuman primates and man.
Additional research is needed to validate this intriguing
hypothesis and to establish whether the antiemetic effects
of GIPR agonism represent a purely pharmacological phe-
nomenon or whether GIP acts physiologically to engage
aversive pathways.

3) GIP Regulates Access of Peripheral Factors to Brain
Regions That Control Feeding
A major challenge of agents designed to suppress appetite is
gaining access to their cognate receptors located in areas of
the brain implicated in regulating energy homeostasis. GLP-
1RAs have been reported to access the CNS via CVOs, with
limited permeability to brain regions that are fully protected
by the blood-brain barrier (57,58). Therefore, enhancing the
permeability of the blood-brain barrier and diffusion barriers
of the brain offers potential as a strategy to maximize
weight loss that is induced by GLP-1R agonism (57,58).
Notably, the passage of circulating factors from CVOs into
the surrounding parenchyma and neighboring ventricular
spaces is policed by an assembly of glia and vascular cells
(59,60). Following single-cell RNA sequencing analysis of
purified Gipr1 cells from the hypothalamus, we found that
Gipr is expressed in oligodendrocytes—a cell type that is

proposed to regulate access of peripheral signals to neuronal
populations controlling appetite within the mediobasal
hypothalamus (61)—as well as in cell types that make up
the neurovascular unit (44). Further, two recent transcrip-
tomic surveys of cells from the hindbrain confirmed that
Gipr is expressed in oligodendrocytes in the dorsal vagal
complex and that these cells are highly responsive to nutri-
tional state (62,63). It is therefore tempting to speculate
that nonneuronal Gipr1 cells may affect central perfusion
and permeability and that, potentially, GIPR agonism may
enhance the weight loss profile of GLP-1RAs by facilitating
greater access to known target areas within the hypothala-
mus and brainstem and possibly allowing access to neuronal
populations deeper within the brain that regulate energy
balance. However, at present this proposed mechanism is
based solely on gene expression data and further work is
needed to provide concrete physiological data in support of
this hypothesis.

FUTURE PERSPECTIVES

A decade on from the first study proposing that GIP/GLP-1
combinatorial therapies may reduce body weight more effec-
tively than GLP-1RAs alone, we have yet to fully elucidate
the mechanisms of action of this promising therapeutic
mechanism. Given the success of GIPR/GLP-1R dual agonists
in clinical trials, future diabetes therapies leveraging elements
of the GIPR signaling axis are sure to follow. To understand
the superior efficacy of this candidate drug class, and there-
fore to continue building on its success, the mechanism by
which GIPR signaling influences energy balance must be fully
deciphered. Importantly, collective efforts in recent years
implicate central GIPR signaling pathways in mediating the
effect of dual agonism on weight loss. Although our under-
standing of the central mechanisms that are engaged by the
GIPR axis is still in its nascence, information garnered from
preclinical models using a combination of pharmacological
and genetic approaches is beginning to provide a working
model. As such, we propose that therapeutic GIP analogs
modulate the CNS through multiple pathways to induce a
negative energy balance, directly engaging neurons that inte-
grate with circuitry governing appetite and nausea and affect-
ing the access and permeability of areas of the brain to
peripheral factors through glial and vascular cells. Future
efforts will further address and build on these mechanistic
themes. It is without doubt that the importance of GIPR sig-
naling in the CNS will remain an active and fruitful area of
investigation.
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