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Developing effective treatments for obesity and related metabolic disease
remains a challenge. One logical strategy targets the appetite-regulating
actions of gut hormones such as incretins. One of these incretins, glucose-
dependent insulinotropic polypeptide (GIP), has garnered much attention
as a potential target: however, whether it is beneficial to boost or block

the action of GIP to promote weight loss remains an unresolved question.
In this issue of the JCI, Kaneko and colleagues show that antagonizing

GIP signaling in the CNS enhances the weight-reducing effects of leptin in
rodents with diet-induced obesity. The authors posit that an increase in
circulating intestinally derived GIP, as a consequence of overnutrition, acts
in the brain to impair hypothalamic leptin action, resulting in increased food
intake and body weight gain. This research advances the idea that multiple
GIP signaling pathways and mechanisms exist in the obese state and offers
intriguing insights into the antiobesogenic consequences of antagonizing
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brain GIP action.

A therapeutic benefit from GIP
deficiency

Obesity remains a multifaceted disease,
the management of which continues to be
complex yet necessary to circumvent its
related adverse health outcomes. Effective
and safe antiobesity medications remain
elusive, and this unmet need is height-
ened as a result of the increasing global
prevalence of obesity and obesity-related
metabolic diseases. Agonists of receptors
for gut-derived hormones, including those
based on incretins, are prescribed to treat
type 2 diabetes and obesity (1). Analogs for
glucagon-like peptide 1 (GLP-1) such as
liraglutide are more stable in plasma than
native GLP-1 and potently lower glycemia,
promote satiety, and reduce body weight.
Another incretin, glucose-dependent insu-
linotropic polypeptide (GIP), is released
postprandially by enteroendocrine cells,
binds to the GIP receptor (GIPR) on pan-
creatic B cells, and stimulates insulin
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secretion (2). In contrast to GLP-1, the
therapeutic importance of GIP analogs
as treatment for diabetes and obesity has
gained little traction, largely due to insuffi-
cient insulinotropic efficacy in hyperglyce-
mia (3) and obesity (4) and its lack of effect
on satiety and resting energy expenditure
in humans (5).

Interestingly, obesity and high-fat diet
(HFD) feeding in rodents and humans
are associated with increased secretion
and circulating levels of GIP (6-8). More-
over, life-long reduction of GIP activity in
Gipr-knockout mice (9), loss of GIP-secret-
ing K cells (10), or genetic loss of GIP (11) all
protect against diet-induced obesity, indi-
cating a therapeutic benefit from GIP defi-
ciency. Intriguingly, preclinical and clinical
evidence indicates that a combination of
GLP-1 and GIP signaling decreases glu-
cose and body weight beyond what is seen
with GLP-1 signaling alone (12-14). Hence,
a better understanding of the site of action
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and mechanisms involved in these weight-
reducing effects, as well as the time-depen-
dent effect of GIPR manipulation, could
help guide therapeutic development.

In this issue of the JCI, Kaneko and
colleagues (15) provide compelling evi-
dence of a mechanism that drives weight
reduction in response to inhibition of
GIPR signaling within the brain (Figure
1). The authors administered a previously
characterized (16) neutralizing monoclo-
nal antibody (Gipg013), which specifically
and potently antagonizes GIPR, directly
into the rodent brain. Blocking GIP signal-
ing within the brain for two weeks lowered
food intake and body weight, which was
associated with reductions in fat mass,
in obese mice compared with obese mice
that received control antibody infusions.
Conversely, these alterations did not occur
in lean mice in which circulating GIP pre-
sumably remains normal. Since blocking
central GIPR in the brain failed to lower
food intake and body weight in leptin-defi-
cient 0ob/ob mice, the authors conclude that
GIPR-related antiobesity effects require
intact leptin signaling. Of note, inhibition
of GIPR in the brain alone reduced body
weight and suppressed appetite in diet-
induced obese mice, but when combined
with GLP-1R agonism, this inhibition
failed to further potentiate decreases in
body weight and food intake. Hence, in the
brain, GIPR blockade requires intact leptin
signaling to exert antiobesity effects. How-
ever, peripherally, GIPR inhibition effects
actindependently ofleptin. Blocking GIPR
activity, either via whole-body genetic
deletion in diet-induced obese mice, or in
ob/ob mice, exerts antiobesogenic effects
(9). Moreover, whereas blocking brain
GIPR confers no additional reductions
in body weight or food intake when com-
bined with GLP-1R stimulation, blocking
peripheral GIP signaling while stimulating
GLP-1R enhances antiobesogenicity (ref.
17 and Figure 1). Taken together, GIPR
antagonism in the brain and the periphery
appears to have distinct mechanisms for
regulating body weight in obesity.
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Figure 1. Effects of targeting GIP in the CNS and periphery. HFD feeding and/or obesity increases circulating GIP levels. Increased GIP levels in the CNS (i.e.,
hypothalamus) activates GIPR and stimulates the GIPR/EPAC/Rap1/S0CS3 pathway, which induces leptin resistance, hyperphagia, and obesity. Central
blockade of GIPR, via delivery of a GIPR-neutralizing antibody, consequently enhances leptin action to lower food intake and obesity. Peripheral blockade

of GIPR in parallel with GLP-1 agonism enhances GLP-1 action to lower food intake and obesity in a leptin-independent manner. Future studies are needed
to investigate whether CNS GIPR signaling alters insulin sensitivity and glucose and lipid homeostasis, and whether the coagonistic metabolic beneficial
effects of GIP and GLP-1 are different from those observed with GIPR antagonists due to differences in tissue specificity and/or time-dependent effects.

The contribution of GIP
signaling to leptin resistance
Administering leptin directly to the ner-
vous system reduces food intake and
weight gain in lean WT mice, however,
leptin fails to lower body weight in mice
fed a HFD. To underscore the pivotal role
of central GIPR signaling in affecting neu-

ral leptin action, Kaneko and colleagues
demonstrated that genetic Gipr deficien-
cy markedly enhanced the anorexic and
weight-lowering effects of leptin in HFD-
fed mice. As expected, in lean mice, in
which neural leptin signaling is intact and
GIP levels presumably remain normal,
Gipr deficiency does not affect the meta-
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bolic effects imposed by leptin. To further
support the inhibitory role of GIPR acti-
vation in enhancing hypothalamic leptin
action, Kaneko et al. investigated intra-
cellular SOCS3 levels in the hypothala-
mus. Obesity-related increases in SOCS3
expression were reversed by chronic,
two-week neural GIPR blockade (via the
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GIPR antagonist Gipg013). Conversely,
administering GIP into the brain negated
leptin-related weight-lowering effects and
disabled leptin-dependent phosphorylat-
ed STAT3 (p-STAT3) transduction, while
increasing hypothalamic Socs3. Collective-
ly, these findings highlight the idea that
brain GIPR inhibition alone in obese mice
prevents excessive endogenous GIP action
that otherwise impairs central leptin sig-
naling and anorexic effects. Given that
local hypothalamic Gip mRNA levels were
low, future studies to determine the extent
to which peripheral GIP crosses the blood-
brain barrier and/or increases in the hypo-
thalamus in obesity could shed light on the
relative importance of gut-derived GIP in
impairing central energy homeostatic cir-
cuits governed by leptin action.

Kaneko et al. report that peripheral
administration of exogenous GIP increas-
es levels in the blood (mimicking the levels
observed in obesity) as well as cerebro-
spinal fluid, suggesting that blood-brain
GIP transport is related to the central
actions of leptin on food intake and body
weight regulation (15). Of note, the CNS
effect of leptin on food intake and body
weight in HFD-fed mice is only partially
blocked by GIP; thus, central leptin resis-
tance is not fully attributable to GIP and
could have other sources. Leptin acti-
vates hypothalamic proopiomelanocortin
(POMC) neurons to exert anorexic effects.
As assessed through whole-cell patch
clamps, GIP abolishes the effect of leptin
on POMC neuronal firing. Future studies
examining loss of function will clarify the
role for POMC neurons in mediating GIP
signaling effects on energy metabolism.
Collectively, pharmacological and genetic
manipulations in vivo, assessed by meta-
bolic measurements of feeding and weight
changes and immunohistochemical and
molecular analyses, demonstrate that
activation of GIPR induces hypothalamic
leptin resistance.

How might GIP induce hypothalam-
ic leptin resistance? GIP activates the
GPCR GIPR to trigger intracellular cAMP
signaling, which in turn activates both
protein kinase A (PKA) and exchange pro-
tein directly activated by cAMP (EPAC).
Kaneko et al. applied GIP to ex vivo brain
slices, which suppressed the leptin medi-
ator p-STAT in the presence and absence
of PKA inhibition (15). Conversely, EPAC

jci.org  Volume 129

Number 9

inhibition blocked leptin action, indicating
that EPAC mediates GIP/GIPR signaling
to inhibit hypothalamic leptin action (15).
Furthermore, applying GIP (both in vivo
and ex vivo) increased the active form of
the small GTPase Rapl, a direct target of
EPAC. This mechanism is analogous to the
insulinotropic effects of incretins on p cells
that likewise require EPAC/Rapl activa-
tion to stimulate insulin exocytosis (18).
Importantly, EPAC activation alone induc-
es leptin resistance (19), and neuronal
Rapl, which is activated in diet-induced
obesity, modulates leptin responsivity to
regulate metabolism (20).

Notably, the work presented by Kane-
ko and colleagues shows that GIPR antag-
onism prevents HFD-induced increases
in Rapl activation (15). Support for the
hypothesis that EPAC/Rapl signaling is
necessary for hypothalamic GIPR signal-
ing to induce leptin resistance and obe-
sity was obtained in mice with Rapl defi-
ciency in forebrain structures including
hypothalamic nuclei (Rap12¢™s). Whereas
central GIP infusion increased hypotha-
lamic Socs3 expression and blunted leptin-
related weight-lowering effects in control
mice, Rap1*°™ mice were protected from
GIP-induced leptin resistance in the brain.
Thus, Kaneko et al. provide compelling
evidence that Rapl activation in the brain
is necessary for hypothalamic GIPR sig-
naling to induce leptin resistance and obe-
sity in rodents.

Overnutrition via HFD feeding ele-
vates circulating GIP levels and conse-
quently enhances CNS GIP-mediated
activation of EPAC/Rapl signaling; in
turn, induced hypothalamic SOCS3
impairs leptin sensitivity, which promotes
body weight gain and adiposity (Figure
1). Kaneko and colleagues manipulated
CNS GIPR signaling, while peripheral
GIPR signaling remained intact. Notably,
in addition to the CNS effect, peripheral
administration of anti-GIPR-antagoniz-
ing antibodies, which are likely restricted
from the blood-brain barrier, also showed
antiobesity effects. These peripheral,
and potentially therapeutic, effects are
seen in obese mice and obese nonhuman
primates, in which weight loss is further
enhanced when these antibodies are
administered with GLP-IR agonists in
a mechanism that is independent of the
pancreatic B cell GIPR (17).
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Conclusions

Although elucidation of the underlying
antiobesity effect of central GIPR signal-
ing remains urgent, it is equally import-
ant to investigate the metabolic effect of
peripheral GIPR signaling. The target tis-
sues affected by peripheral administration
of GIPR agonists or antagonists to regu-
late energy balance remain unknown. GIP
stimulates lipid deposition in visceral adi-
pose tissue and stimulates adipogenesis
(9, 21); thus, GIPR antagonism in adipose
tissue, for example, may help to improve
insulin sensitivity and thereby beneficially
affect body weight and satiety.

The vagus nerve relays postprandial
signals from the gut to the brain, in part
through GLP-1 signaling (22). It is not evi-
dent, however, that GIP acts directly with-
in the vagal afferents (22, 23), which may
also explain some of the divergent effects
of the two incretin hormones on energy
balance. Also of note is a recent random-
ized crossover study in which incretin
hormones were infused to mimic elevat-
ed levels achieved during an oral glucose
tolerance test in overweight/obese men
to determine whether combined infusions
of GIP and GLP-1 suppress appetite to a
greater degree than does GLP-1 alone (24).
GLP-1infusions, but not GIP alone or GIP-
GLP-1 combination infusions, lower ener-
gy intake compared with that achieved
with saline infusion controls. Rather,
coinfusion of GIP and GLP-1 negates the
appetite-suppressing effects of GLP-1
(24), which may support the findings of
Kaneko et al. (15). Nonetheless, compar-
ing and contrasting the food intake-reg-
ulatory effects of CNS versus peripheral
GIPR signaling in rodents, nonhuman pri-
mates, and humans in obese, diabetic, and
healthy conditions, as well as dissecting
the time-dependent effects of GIPR inhi-
bition and/or activation (Figure 1) should
remain a priority in obesity research.

The results of Kaneko et al. require
additional studies to further elucidate the
causal actions of GIP in obesity and relat-
ed diseases. An integral connection exists
between hypothalamic leptin and insulin
action, defects of which predispose to obe-
sity and type 2 diabetes; and it remains to
be seen whether CNS GIP signaling also
affects CNS insulin sensitivity. Further-
more, given that CNS leptin and insulin
action are involved not only in energy bal-
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ance but also the control of glucose and
lipid homeostasis, investigations into the
role of CNS GIP signaling in peripheral
glucose and fat metabolism are needed to
address the clinical relevance of targeting
neural GIPR action (Figure 1).

As lasting and effective antiobesity
medications necessitate continued use, it
remains important to determine wheth-
er long-term antagonism of central GIPR
action will be efficacious and free from side
effects. Although bariatric surgery is most
effective at achieving sustained weight
reduction, safe and efficacious medication
provides an alternative to surgical inter-
vention. The research finding of Kaneko et
al. (15) offers a promising drug target and
potential pharmacotherapy for obesity.
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