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Obesity is a prevalent disease that also contributes to the
incidence and severity of many other chronic diseases and
health conditions. Treatment approaches include lifestyle
intervention, bariatric surgery, and pharmacological ap-
proaches,with glucagon-like peptide 1 (GLP-1) receptor ag-
onists approved specifically forweight loss having changed
the treatment landscape significantly in the last 5 years.
Targeting the glucose-dependent insulinotropic polypep-
tide (GIP) receptor may enhance the metabolic benefits of
GLP-1 receptor agonism. These beneficial effects are seen
with both GIP receptor antagonism and GIP receptor ago-
nism, although the mechanisms underlying this apparent
paradox remain unknown. Here, we summarize the physio-
logic, genetic, and clinical evidence for pursuing GIP recep-
tor antagonism to achieve metabolic and weight benefits.
Both global and central nervous system knockout of GIP
receptors protects mice fed a high-fat diet from obesity and
insulin resistance. Genome-wide association studies in hu-
mans support this notion, correlating lower BMI with GIP
receptor genetic variants with reduced function. Pharmaco-
logic approaches in mice and monkeys confirm that GIP
receptor antagonism enhances GLP-1–induced weight re-
duction and other metabolic benefits, and a phase 1 study
provides proof of principle that beneficial effects extend to
humans. GIP receptor antagonismmay represent an impor-
tant newmechanism to expand the treatment options avail-
able to individuals livingwith obesity.

UNMET NEEDS OF PEOPLE LIVING WITH OBESITY

Glucagon-like peptide 1 (GLP-1) receptor agonists (GLP-
1RAs) have transformed the care of people living with

obesity and may alleviate the public health burden of
obesity (1). Nevertheless, while efficacy has steadily im-
proved from early GLP-1RAs such as exenatide and lira-
glutide, additional therapeutic options would likely help
more individuals reach their weight goals. Similarly, the
administration frequency for GLP-1RAs has decreased
from twice daily (exenatide) to once daily (liraglutide) to
once weekly (semaglutide), but longer-acting agents are
desirable. Finally, people rapidly regain weight after dis-
continuation of current antiobesity medications (1,2),
and some individuals experience persistent gastrointesti-
nal adverse events. Therefore, exploration of additional
mechanisms of action that complement GLP-1RAs is
relevant.

One approach to complement GLP-1 receptor agonism
is glucose-dependent insulinotropic polypeptide (GIP) re-
ceptor antagonism. Here, we briefly review the physiologic
role of GIP in fat deposition, the human genetic rationale
for GIP receptor antagonism, and empirical data demon-
strating that reductions in GIP receptor signaling promote
leanness and improve metabolism. Recent human experi-
mental data with maridebart cafraglutide (MariTide), a
peptide-antibody conjugate combining a GIP receptor an-
tagonist antibody with two GLP-1 analog agonist peptides,
provide clinical support for GIP antagonism as a comple-
mentary approach to GLP-1 receptor agonism (3). This
concept is further supported by recent data from nonhu-
man primates (NHPs) that showed that using the peptide-
based GIP receptor antagonist AT-7687 in combination
with GLP-1 receptor agonism resulted in additive reduc-
tion in weight relative to either agent alone (4).
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PHYSIOLOGIC ROLE OF GIP

The physiologic role of GIP has been investigated over
many decades, and a combination of human and mouse
data, reinforced by the resistance of GIP receptor knock-
out (KO) mice to diet-induced obesity (DIO), resulted in
GIP being regarded as the so-called obesity hormone
(5,6). GIP is secreted from intestinal K-cells, with high-
lipid meals being the most effective stimulants (7). Infu-
sion of GIP increases intestinal blood flow and increases
nutrient absorption (8). Moreover, GIP enhances adipose
tissue blood flow and lipid deposition in lean people (9).
In individuals with obesity and type 2 diabetes, GIP in-
creases adipose tissue triglycerides (10). These obesogenic
effects of GIP are negated by the GIP-derived GIP recep-
tor antagonist GIP(3–30)NH2, the first GIP receptor antag-
onist administered to humans (9). These patient data
collectively paint a picture of GIP as an obesogenic factor
that enhances lipid uptake and storage.

HUMAN GENETICS

Importantly, three missense GIP receptor variants (Arg190Gln
[rs139215588], Glu288Gly [rs143430880], and Glu354Gln
[rs1800437]) with impaired GIP receptor function have been
reported to associate with decreased BMI (11,12). G protein-
coupled receptors (GPCRs), like the GIP receptor, induce cAMP
and stimulate other effectors primarily through a family of
G-proteins that associate with the receptor (13). In addition,
GPCRs often undergo ligand-mediated arrestin recruitment,
internalization, and transient desensitization (13). A recent
study of 47 missense variants of the human GIP receptor sup-
ported an essential role of GIP receptor desensitization for
overall GIP receptor function, as carriers of variants with im-
paired Gs G-protein activation and arrestin recruitment had
lower levels of adiposity-related traits, while those solely im-
paired in Gs-mediated signaling did not show these changes
(12). Includingmore loss-of-function variants, the same associ-
ation with lower BMIwas confirmed, andmeta-analysis regres-
sion using single-variant estimates revealed a significant effect
of solely impaired b-arrestin recruitment (below 50% of wild-
type levels) on BMI and hip circumference but no impact of
impaired cAMP production (12). In line with the essential role
of arrestins in internalization, the variants with impaired ar-
restin recruitment also displayed decreased endosomal signal-
ing (12). In summary, the preponderance of human genetic
data indicates that inactivating GIP receptor mutations are as-
sociated with lower BMI (11,12).

PRECLINICAL DATA

Murine evidence supporting GIP receptor antagonism
emerged from studies using mice with a global, germline
GIP receptor KO (6). These animals have body weights
similar to those of wild-type controls on a standard chow
diet, but they are protected from DIO when placed on a
high-fat diet (HFD). This resistance to DIO was associated
with a short-lived shift toward lipid catabolism with no

change in food intake (6), consistent with the obesogenic
role of GIP during overnutrition (5). The changes in lipid
catabolism and deposition in global GIP receptor KO mice
implicate an adipocyte-centric mechanism. However, in-
ducible, adipocyte-specific GIP receptor deletion only par-
tially recapitulated the global KO phenotype (14), while
transgenic expression of human GIP receptor in adipocytes
exacerbated HFD-induced weight gain but not adiposity
(15). Mice with b-cell–specific GIP receptor deletion do not
display overall protection from DIO (16,17), although the
evidence is mixed on whether adiposity is reduced (16) or
not (17). However, normalizing deficient prandial insulin
in these animals reduced adiposity to control levels (16).

Deletion of broad central nervous system (CNS) (18)
and GABAergic, neuron-specific (19) GIP receptor popula-
tions in mice produced a DIO protective phenotype along
with reduced fat mass and improved glucose homeostasis.
Unlike the global GIP receptor KO, these two mouse lines
exhibit decreased food intake, which has not been fully
explored. Collectively, these rodent genetics models have
yet to provide clarity on the mechanisms of action by
which adipose tissue, b-cell, and CNS GIP receptor popu-
lations regulate lipid accumulation, food intake, and, ulti-
mately, body weight. Regardless, the data do provide a
rationale for GIP receptor antagonism as a likely potentia-
tor for current obesity pharmacotherapies by reducing
overall body weight with a specific reduction in adipose
mass.

Pharmacologic exploration of GIP receptor antagonism
for treatment of obesity and diabetes began >20 years ago
(20). It is important to emphasize differences between ro-
dents, particularly mice, and humans regarding the GIP re-
ceptor system, which necessitates the development of
mouse-specific GIP receptor antagonists for in vivo use in
mice (21). A recently presented mouse anti-murine GIP
receptor–antagonizing antibody nearly abolished HFD-
induced weight gain in mice (17). This activity was associ-
ated with decreased fat mass and fasting insulin, phenoco-
pying the global GIP receptor KO mice. Minor reductions
in lean mass were observed compared with controls. A sim-
ilar effect of resistance to weight gain has been observed
with other GIP receptor antagonists (22,23). Of particular
note, a novel GIP analog optimized for chronic use in mu-
rine studies, mGIPAnt-1, also demonstrated a reduction in
gain of fat mass in ovariectomized mice (23). This finding
was corroborated recently with the GIP-derived GIP recep-
tor antagonist AT-7687 that, when given as monotherapy,
prevented weight gain in HFD-fed NHPs (4). GIP receptor
antagonists and agonists have consistently demonstrated
an ability to prevent body weight gain in both rodents and
NHPs, but neither is as effective as GLP-1RAs in reducing
body weight in obese animals. Despite this, compelling pre-
clinical data demonstrate that GIP receptor antagonists (or
agonists) induce substantial additional weight loss when
combined with a GLP-1RA. The mouse anti-murine GIP
receptor–antagonizing antibody mentioned above prevented
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weight gain in DIOmice when used alone (14,17), while com-
bining it with liraglutide nearly doubled the weight loss seen
with liraglutide alone (approximately 30% body weight loss
compared with vehicle). This was associated with additional
fat mass reduction and improved oral glucose control but
not food intake reduction, hinting at a novel mechanism
compared with GIP receptor agonists (14,17–19,24). It was
further demonstrated that the effect of GIP receptor antago-
nists to induce additional weight loss beyond the maximal ef-
fect of GLP-1RAs translates to NHPs (4,17). Others have
reported similar outcomes using a GIP receptor–antagoniz-
ing peptide (25) and a different antibody antagonist (26). A
single report on mice showed no additional weight loss when
combining GIP receptor antagonism with GLP-1 receptor ag-
onism; however, the interpretations of these data are con-
founded by the short half-life of the GIP receptor antagonist
(24). In total, these data suggest that the metabolic benefits
of GIP receptor–targeting agents rely at least partially on in-
teractions with GLP-1 receptor in cell types expressing both
receptors. Further research will be required to understand if
there is a subset of cellular targets that express only one of
the two receptors relevant to the weight reduction pheno-
type compared with target tissues where the interactions of
coexpressed GIP and GLP-1 receptors are required for meta-
bolic benefits.

While the metabolic benefits of GIP receptor antago-
nism and agonism clearly intersect, especially when used
in combination with GLP-1 receptor agonism, it is possi-
ble that other pharmacodynamic effects and safety pro-
files do not exhibit the same overlap.

CLINICAL DATA ON CONCURRENT GIP RECEPTOR
ANTAGONISM AND GLP-1 RECEPTOR AGONISM

In a phase 1, randomized, double-blind, placebo-controlled
study (NCT04478708, clinicaltrials.gov) in participants with
obesity, the combined GIP receptor antagonist-GLP-1RA
(MariTide) displayed an acceptable safety and tolerability
profile with no notable differences between treatment groups
for clinical safety laboratory parameters (3). Themost common
adverse events were gastrointestinal, including nausea and
vomiting, and were generally mild and resolved within 48 h.
Dose-dependent weight reduction of up to –14.5% was ob-
served with the highest dose studied, and weight reductions
appeared to be maintained for up to 150 days after the last
dose. MariTide reached maximum concentration 4–7 days
postdose, and mean half-life was 14–16 days for intact Mari-
Tide and 21–24 days for total MariTide (3). MariTide reduced
fasting glucose relative to placebo. The full potential of Mari-
Tide is being investigated in an ongoing clinical development
program.

HOW COULD GIP RECEPTOR AGONISM AND
ANTAGONISM BOTH BE CLINICALLY MEANINGFUL?

We have thus far laid out the rationale for GIP receptor
antagonism as a pharmacologic strategy to treat obesity.
GIP and GIP receptor agonism had long been viewed as a

therapeutic dead end due to the observation that the in-
sulinotropic effect of GIP in most patients with type 2 di-
abetes is much reduced compared with that observed in
healthy individuals (27). However, GIP resistance can be
partially overcome by agents that lower circulating glucose
levels, like GLP-1, suggesting a complementary activity
(27). The clinical efficacy of dual receptor agonists of
GLP-1 and GIP receptors has now been clearly demon-
strated (2). With both GIP receptor agonism and antago-
nism emerging as effective pharmacological approaches to
couple with GLP-1 receptor agonism, there is now intense
focus on elucidating the mechanism(s) underlying this ap-
parent paradox.

One hypothesis is that GIP receptor agonism does not
play a significant role in weight loss mediated by the ap-
proved dual agonist tirzepatide, which may elicit superior
efficacy through the GLP-1 receptor due to its biased ago-
nism profile (13). Biased agonism at the GLP-1 receptor
by tirzepatide, characterized by disproportionately reduced
b-arrestin recruitment and internalization relative to G pro-
tein coupling, has been demonstrated to confer superior
body weight reduction in preclinical models (28).

It has also been suggested that chronic GIP receptor acti-
vation results in functional antagonism (14). Chronic GIP
receptor stimulation of primary adipocytes with an acylated
GIP receptor agonist induces substantial desensitization to
subsequent ligand-mediated stimulation, resulting in func-
tional antagonism (14). Chronic GIP receptor agonism and
antagonists of GIP receptor both reduce body weight or pre-
vent weight gain and also inhibit adipose tissue fatty acid
uptake in response to a GIP analog ([D-Ala2]-GIP), but only
agonists enhance insulin secretion (14).

A third hypothesis is that GIP receptor agonists and an-
tagonists act on different populations of receptors in the
CNS to elicit their effects. Acylated peptide GIP receptor ago-
nists appear to act on GABAergic neurons in the CNS to addi-
tively reduce food intake and body weight when combined
with GLP-1RAs in mice (18,19). This, along with reports that
liraglutide acts on glutamatergic CNS neurons to reduce
body weight (29), suggests GIP receptor agonism serves to
disinhibit GLP-1 receptor signaling on food intake regulation
centers of the rodent brain; it remains to be seen whether
similar CNS pathways are activated in humans.

A fourth mechanism suggests that dual targeting of
GLP-1 and GIP receptors in cells expressing both recep-
tors can enhance cAMP response and insulin secretion,
potentially through receptor heteromerization (30). How-
ever, in humans, GIP infusions during GLP-1 exposure
did not increase insulin secretion (31).

Although evidence exists for all the above hypotheses,
further research will be needed before true consensus can
be gained.

CONCLUSIONS

Together, the obesogenic role of GIP, human genetics,
preclinical data, and emerging clinical trial data all point
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to the potential of GIP receptor antagonism to comple-
ment GLP-1 receptor agonism in helping people living
with obesity achieve healthy weight goals (Fig. 1).
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