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ABSTRACT

Objectives: Dual incretin agonists are among the most effective pharmaceutical treatments for obesity and type 2 diabetes to date. Such
therapeutics can target two receptors, such as the glucagon-like peptide-1 (GLP-1) receptor and the glucose-dependent insulinotropic poly-
peptide (GIP) receptor in the case of tirzepatide, to improve glycemia and reduce body weight. Regarding body weight effects, GIPR signaling is
thought to involve at least two relevant mechanisms: the enhancement of food intake reduction and the attenuation of aversive effects caused by
GLP-1R agonists. Although it is known that dual GLP-1R-GIPR agonism produces greater weight loss than GLP-1R agonism alone, the precise
mechanism is unknown.
Methods: To address this question, we used mice lacking GIPR in the whole body, GABAergic neurons, or glutamatergic neurons. These mice
were given various combinations of GLP-1R and GIPR agonist drugs with subsequent food intake and conditioned taste aversion measurements.
Results: A GIPR knockout in either the whole body or selectively in inhibitory GABAergic neurons protects against diet-induced obesity, whereas
a knockout in excitatory glutamatergic neurons had a negligible effect. Furthermore, we found that GIPR in GABAergic neurons is essential for the
enhanced weight loss efficacy of dual incretin agonism, yet, surprisingly, its removal enhances the effect of GLP-1R agonism alone. Finally, GIPR
knockout in GABAergic neurons prevents the anti-aversive effects of GIPR agonism.
Conclusions: Our findings are consistent with GIPR research at large in that both enhancement and removal of GIPR signaling are metabolically
beneficial. Notably, however, our findings suggest that future obesity therapies designed to modulate GIPR signaling, whether by agonism or
antagonism, would be best targeted towards GABAergic neurons.

� 2024 Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Keywords Incretin; GLP-1; GIP; Obesity; Anti-obesity medication; Dual-incretin agonism; Tirzepatide
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
1. INTRODUCTION

Obesity is increasing in incidence and predicted to affect over 50% of all
adults worldwide by 2035 [1]. Being chronically overweight increases
the risk of serious disease co-morbidities that, in turn, increase mor-
tality and healthcare costs [2,3]. Behavioral approaches to combat
obesity, such as diet and exercise, rarely produce lasting weight loss
commonly due to compensatory hyperphagia and hypometabolism [4e
8]. Currently, bariatric surgery remains the benchmark for obesity
management, but it has risks and is simply not scalable to the number of
patients in need of treatment, underscoring the need for more effective
pharmacological solutions [9]. Although previous generations of phar-
macological weight loss treatments were either ineffective or unsafe,
newer incretin-based therapies show significant promise [10,11].
Dual incretin agonists (DIA) have garnered recent attention for their
ability to dramatically improve blood glucose levels and promote
weight loss. DIAs interact with receptors for both glucagon-like pep-
tide-1 (GLP-1) and glucose-dependent insulinotropic polypeptide (GIP,
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also known as gastric inhibitory peptide) the incretin hormones with
the canonical role of potentiating glucose-stimulated insulin secretion.
However, incretin receptors are found throughout the body, and both
hormones have numerous extrapancreatic effects [12,13]. Before the
creation of DIAs, the most effective non-surgical treatments for obesity
were GLP-1 receptor (GLP-1R) monoagonists such as semaglutide,
which cause an average weight reduction of about 15 % [14]. In
comparison, tirzepatide, currently the only FDA-approved DIA, pro-
duced an average weight loss of 21 % or 26 kg [15]. The underlying
mechanism for the enhanced efficacy on body weight loss of tirze-
patide remains incompletely understood. While the GIP receptor (GIPR)
is found in multiple tissues, strong evidence links the added effect of
GIPR agonists to actions in the CNS. A whole-brain GIPR KO prevents
the enhanced efficacy of DIA treatment on body weight loss, making
the CNS the likely target organ [16].
Two hypotheses have been offered to explain the role of CNS GIPRs in
the enhanced clinical efficacy of DIAs. The first is that GIPR agonism
reduces the aversive effects of a GLP-1R agonist and thereby increases
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the maximum dose of a GLP-1R agonist that can be clinically tolerated
[17]. A variety of evidence demonstrates the ability of GIPR agonists to
reduce symptoms of nausea in several species [18e21]. This includes
chemogenetic activation of GIPR-expressing neurons that can reduce
the aversive effects of both Growth Differentiation Factor-15 (GDF15)
receptor agonism and LiCl [20]. However, this explanation has draw-
backs. First, in preclinical models where subjects cannot remove
themselves from the experiment, such nausea responses likely
contribute to initial weight loss. Second, tirzepatide demonstrated
significantly increased GI adverse events in the clinical trials studying
its efficacy for obesity [15,22]. Hence, it is not clear that at maximally
effective doses, a DIA has a superior nausea profile than a GLP-1R
agonist alone. The second hypothesis is that agonizing the GIPR re-
duces food intake which can be additive or synergistic with the effects
of a GLP-1R agonist. The body weight loss caused by both GLP-1R and
GIPR agonism is mediated through the brain [16,23e25]. However,
unlike what is found in pancreatic b-cells, central GIPR and GLP-1R are
typically (though not always) found in separate cells [26e29]. This
suggests that GLP-1R and GIPR agonism likely work on distinct circuits
that either interact directly or project to a common target population.
Needless to say, these two hypotheses are not mutually exclusive, and
both may contribute to the efficacy of DIAs.
To add to the complexity, treatments that combine GIPR antagonism
with GLP-1R agonism can also synergistically enhance the efficacy of
GLP-1R agonism to reduce food intake and body weight [30]. This is
consistent with genetic data that indicate loss of GIPR signaling results
in a lower body mass index (BMI) in humans [31,32], and resistance to
weight gain on a high-fat diet (HFD) in mice [33e36]. This resistance to
weight gain is recapitulated in mice that lack GIPR signaling exclusively
in the CNS [16], and points toward the brain being the crucial target
organ for GIPR’s role in the regulation of energy balance whether it is via
increased or decreased GIPR signaling. One final factor to consider is
the possibility that chronic GIPR agonism may result in antagonism.
Killion et al. found that chronic GIPR agonism in cultured adipocytes
from both mice and humans caused a desensitization to GIP, leading to
functional antagonism [37]. While it has not been established that this
same phenomenon occurs in neurons, this could explain apparent
discrepancies between agonism and antagonism treatments. Notably,
mice and humans differ significantly in their response to the GIPR-
stimulating actions of tirzepatide, a finding required to properly inter-
pret the data here. Tirzepatide has poor activity at mouse GIPR [38,39].
Thus, we consider the tirzepatide-only drug groups in this study as
predominately activating GLP-1R while the tirzepatide þ GIPR agonist
groups are meant to the mimic full GIPR agonism that a human might
experience.
Addressing these crucial mechanistic questions requires the identifi-
cation of key sets of neurons that express the GIPR and their role in the
regulation of energy balance and the response to DIAs. To that end, we
developed mice that lack GIPR signaling exclusively in either inhibitory
neurons that secrete gamma-aminobutyric acid (GABA) or excitatory
neurons that secrete glutamate. For additional comparison, we also
generated a whole-body GIPR KO mouse model. Here we report the
effect that each model has on drug-induced weight loss and aversive
responses.

2. MATERIALS AND METHODS

2.1. Animals
Rodent experiments were approved by the University of Michigan
Institutional Animal Care and Use Committee. Animals were single-
2 MOLECULAR METABOLISM xxx (xxxx) xxx � 2024 Published by Elsevier GmbH. This is
housed for a minimum of 1 week prior to experimentation in a
temperature controlled room set at the mouse thermoneutrality point
(30 �C) on a 12:12 light:dark cycle. Mice were given ad-libitum
access to either regular chow (PicoLab 5LOD) or 60% high-fat diet
(Research Diets, Inc., D12492). To produce diet-induced obese (DIO)
animals, mice were given 60% HFD for at least 8 weeks. Whole body
GIPR knockout mice were created by CRISPR-mediated deletion of
the GIPR gene. Potential targets for double stranded DNA breaks
flanking the DNA region of interest were identified using an online
bioinformatic tool Crispor [40]. In GIPRKO mice, confirmation of the
knockout was done by measuring GIPR transcripts in white adipose
tissue using RT-PCR. No knockout mice had detectable Gipr mRNA
(Supplementary Figure 1A, n ¼ 4e5). Four guides were tested by
zygote injection to confirm DNA cutting. After confirming DNA tar-
geting, the following reagents were injected into 300C57BL/6 and
SJL mixed background zygotes by the University of Michigan
Transgenic core: Cas 9 protein (Sigma, 30 ng/mL), Guide RNA
(Synthego, 30 ng/mL). Mice were screened for deletion of the gene
sequence between the target sites. Founders were crossed to C57BL/
6 mice, and offspring were sequenced to confirm inheritance of the
mutation. GABAergic and glutamatergic GIPR KO mice were created
by crossing either C57BL/6J Vgat-ires-cre (Jackson Laboratories;
028862) or C57BL/6J Vglut-ires-cre (Jackson Laboratories; 028863)
knock-in mice with GIPR flox/flox mice [41]. Mice used for pre-
liminary studies in Supplemental Figure 1 were C57BL/6J.

2.2. Pharmacological agents
Lyophilized D-Ala2-GIP (Tocris, 6699), semaglutide (Bachem,
Switzerland), and tirzepatide (Peptide International, Louisville, KY, USA)
were reconstituted in saline at 1 mg/mL and frozen at �80 �C. On the
day of the experiment, each drug was thawed and diluted with saline to
the appropriate concentration and administered subcutaneously. D-
Ala2-GIP was given at 30 nmol/kg, a dose similar to that used in [42].
Neither 30 nmol/kg nor 150 nmol/kg were sufficient to decrease food
intake over 48 h (Supplemental Figure 1BeC, n ¼ 5e6). Additionally,
30 nmol/kg did not cause a conditioned taste aversion (Supplemental
Figure 1D, n ¼ 5). Tirzepatide and semaglutide doses (2 nmol/kg)
were chosen based off preliminary data so they would be strong
enough to decrease food intake and body weight but not so strong to
overwhelm any anti-aversive actions of GIPR agonism (Supplemental
Figure 1EeG, n ¼ 5e30).

2.3. Conditioned taste aversion assay
Mice were handled and injected with saline for a minimum of 3 days
before experimentation. During this period, mice were given two water
bottles, and access to the lickable water valve was removed to allow
them to habituate to drinking from bottles. At onset of the dark cycle on
day 4, water bottles were removed for 22 h to induce thirst. On day 5,
mice were given both a water bottle and a bottle containing 0.15%
saccharin in water for the 2 h before dark cycle onset. Then, mice were
injected with either saline (vehicle) or the specified drug, and the
saccharin bottle was replaced by water. On day 6 at lights out, water
bottles were again removed to induce thirst. On day 7, saccharin and
water bottles were returned to the cage, and the bottle weights were
measured at 24 h. The preference ratio was calculated as [saccharin
intake/(saccharin þ water intake)].

2.4. Body composition
Body composition (fat and lean mass) was measured using an
EchoMRI (Echo Medical Systems).
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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2.5. Chronic food intake and body weight
Mice were dosed daily with the indicated drugs subcutaneously at
onset of dark cycle. Food intake and body weight were measured at
this time. Mice were excluded from the study if their body weight fell
10% below their pre-dosing lean mass.

2.6. Metabolic cages
Mice were placed in metabolic cages (PhenoMaster, TSE Systems) for
one week total. These cages measure metabolism via indirect calo-
rimetry, food/water intake, and locomotor/ambulatory activity. The data
from the first four days was excluded to allow mice to habituate to their
new environment. Data was processed and analyzed with the two group
setting in CalR [43]. Meal pattern analysis data was generated by the
TSE software with a 0.1 g minimum meal size and 15-min inter-meal
interval.

2.7. Fast-refeed
For the fast-refeed assay, food was removed from cages 1 h after dark
cycle onset for 23 h. At the beginning of dark cycle the next day, food
was returned and weighed at hours 0, 1, 2, and 24.

2.8. Quantitative real-time PCR
A Qiagen RNeasy isolation kit was used to extract RNA from WAT
adipose tissue samples. cDNA was created by reverse transcription
from mRNA using a Bio-Rad iScript cDNA synthesis kit. GIPR levels
were measured using quantitative real-time RT-PCR using Taqman
gene expression assay and was performed using the StepOnePlus
detection system (Applied Biosystems) with the standard protocol.
Abundance of each transcript was calculated using a standard curve of
cycle thresholds and normalized to RL32.

2.9. Statistical analysis and figures
Statistical analyses other than ANCOVA were performed in GraphPad
Prism v10.0.0 and are represented as means � SEM. Student’s t-test
or two-way ANOVA with Bonferroni-corrected post hoc tests were used
to determine significance, which was set at p < 0.05. ANCOVA ana-
lyses were performed using SPSS 28.0 using the indicated covariates.
For paired data in the meal pattern analysis, a paired t-test or paired
Wilcoxon signed rank test was used. Figures were created with Prism,
Python (Seaborn [44]), and R (ggplot2 [45]).

3. RESULTS

3.1. Phenotypic characterization
The global GIPR KO (GIPRKO) was protective against HFD-induced
obesity as has been previously reported [33]. Body weight, lean
mass, and fat mass between genotypes were indistinguishable prior to
HFD (Supplemental 2A, n ¼ 30e31) but diverged after the addition of
HFD (Figure 1AeB, n ¼ 30e31). After 8 weeks of HFD, KO mice had
lower total mass, lean mass, and fat mass than their WT littermates
(Figure 1B, n ¼ 30e31). GIPRKO mice consumed less food than WT
mice both cumulatively (Figure 1C, n ¼ 30e31) and daily
(Supplemental 2B: n ¼ 30e31). There were no genotype differences
in a fast/refeed assay (Supplemental 2C: n ¼ 12).
The GABAergic neuron GIPR KO (GIPRDGAT) was also protective against
HFD-induced obesity. Body weight, lean mass, and fat mass between
genotypes were indistinguishable before HFD (Supplemental 2D,
n ¼ 30) but diverged after the addition of HFD (Figure 1DeE; n ¼ 30).
After 8 weeks of HFD, GIPRDGAT mice had lower total, lean, and fat
mass than their WT littermates (Figure 1E; n ¼ 30). GIPRDGAT mice
consumed less food than WT mice both cumulatively (Figure 1F,
MOLECULAR METABOLISM xxx (xxxx) xxx � 2024 Published by Elsevier GmbH. This is an open access a
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n ¼ 30) and daily (Supplemental 2E, n ¼ 30). When placed into
metabolic chambers (WT n ¼ 11; KO n ¼ 11), WT and GIPRDGAT mice
performed identically in measurements of locomotor activity
(Figure 1G), respiratory exchange ratio (Figure 1H), and energy
expenditure as analyzed using ANCOVA with total mass as a covariate
since mice primarily differed in fat mass [46] (Figure 1I). There were no
genotype differences in a fast/refeed assay (Supplemental 2F:
n ¼ 11e12).
Meal pattern data was generated by the TSE metabolic cages for the
same cohort of GIPRDGAT mice before and after HFD feeding. Meal
pattern parameters were analyzed both by averaging per mouse as
well as by pooling from all mice in a genotype. There were no genotype
differences seen in any measurement for both the lean and DIO mice
(Supplemental Figure 3 A-P, n ¼ 10e11). Since there were no ge-
notype differences, mice were pooled, and the parameters were
compared before and after HFD feeding. DIO HFD-fed mice had a
higher average meal count, smaller average meal size, and shorter
average meal duration than when they were lean and chow-fed with no
differences in average inter-meal interval (Supplemental Figure 3 Q-T,
n ¼ 21).
The glutamatergic neuron GIPR KO (GIPRDGLUT) was not protective
against HFD-induced obesity. Body weight, lean mass, and fat mass
between genotypes were indistinguishable before HFD (Supplemental
2G, n ¼ 20e21) and remained this way after the addition of HFD
(Figure 1J-K; n ¼ 20e21). After 8 weeks of HFD, GIPRDGLUT mice had
indistinguishable total mass, lean mass, and fat mass from their WT
littermates (Figure 1K; n ¼ 20e21). WT and GIPRDGLUT mice
consumed the same amount of food both cumulatively (Figure 1L,
n ¼ 20e21) and daily (Supplemental 2H, n ¼ 20e21). Since GIPRD
GLUT mice had no discernible phenotype, they were not placed into
metabolic cages for further analysis. There were no genotype differ-
ences in a fast/refeed assay (Supplemental 2I: n ¼ 20e21).

3.2. Body weight and food intake responses to chronic
administration of incretin drugs
After 21 days of daily dosing with the indicated drugs, GIPRKO mice lost
more body weight and fat mass in response to tirzepatide compared to
WTs (Figure 2BeC, n¼ 9e11). Additionally, the enhanced weight loss
efficacy of the tirzepatide plus GIPR agonist treatment was prevented
by global deletion of GIPR, confirming that the effect was GIPR-
mediated (Figure 2B, n ¼ 9e11). There were no genotype differ-
ences observed on lean mass change (Figure 2D, n ¼ 59) or food
intake (Figure 2EeF, n ¼ 9e11).
After 21 days of chronic dosing, GIPRDGAT mice lost more weight and
fat mass when given tirzepatide compared to their WT littermates
(Figure 2GeH, n ¼ 6e8). Combining tirzepatide with GIPR agonism
caused a greater degree of weight loss and fat mass loss than tirze-
patide alone. This effect was prevented in GIPRDGAT mice (Figure 2HeI
n ¼ 6e8), suggesting that GIPR signaling in these neurons is required
for the enhanced weight loss efficacy of DIA therapy over GLP-1R
agonism alone. Changes in lean mass were indistinguishable be-
tween WT and GIPRDGAT mice in drug groups (Figure 2J, n ¼ 6e8).
The tirzepatide þ GIPR agonist group was superior to tirzepatide alone
in reducing food intake but there were no genotype effects (Figure 2Ke
L, n ¼ 6e8). In a second cohort of GIPRDGAT mice given either
semaglutide þ D-Ala2-GIP or tirzepatide þ D-Ala2-GIP, only the tir-
zepatide group showed a genotype difference (Figure 2N, n¼ 10). This
could indicate that either the combination of tirzepatide’s modest GIPR
activity with another GIPR agonist was sufficient to alter body weight in
these mice or that tirzepatide’s unique pharmacology at the GLP-1R
allowed for better interaction with GIPR agonism [47].
rticle under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 3
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Figure 1: GIPRKO and GIPRDGAT are protective against diet-induced obesity. (A) Body weight progression of GIPRKO mice over 8 weeks of HFD feeding with (B) subsequent body
composition measurements (dot and white bars indicate mean � SEM). (C) Food intake measurements for the GIPRKO mice over the same time period (AeC; n ¼ 30e31). (D) Body
weight progression of GIPRDGAT mice over 8 weeks of HFD feeding with (E) subsequent body composition measurement. (F) Food intake measurements for the GIPRDGAT mice over
the same time period (DeF; n ¼ 30). (G) Locomotor activity, (H) respiratory exchange ratio, (I) and energy expenditure measurements from GIPRDGAT mice placed in metabolic
cages (GeI; n ¼ 11). (J) Body weight progression of GIPRDGLUT mice over 8 weeks of HFD feeding with (K) subsequent body composition measurements. (L) Food intake of the
GIPRDGAT mice over the same time period (JeL; n ¼ 20e21). Data in A, C, D, F, J, and L were analyzed via a repeated measures 2-way ANOVA with Bonferroni’s multiple
comparisons test. Data in B, E, and K were analyzed with a Student’s two-sided, two tailed t-test. Data in G and H were analyzed with a 2-way ANOVA. Data in I was analyzed with
ANCOVA using total body mass as a covariate. Data are displayed as mean � SEM. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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After 21 days of chronic dosing, GIPRDGLUT mice performed identically
to WT littermates in terms of weight loss, fat mass, and food intake
responses to each drug group (Figure 2PeQ and T, n ¼ 6e7).
Interestingly, GIPRDGLUT mice lost less lean mass in only the vehicle
group (Figure 2R, n¼ 6e7). Combined with the findings from Figure 1,
this suggests that glutamatergic GIPR neurons are not involved in
either physiological energy balance or response to weight-loss
medications.
The fat mass of the GIPRKO mice in Figure 2 was relatively low
compared to WT counterparts due to the protective effect of the
knockout (Figure 3A, n ¼ 6e7). We theorized that mice with a greater
amount of fat mass to lose might show an enhanced response to drug
administration, so we generated a second cohort of GIPRKO mice that
was given HFD for a longer 18-week period. This resulted in GIPRKO
4 MOLECULAR METABOLISM xxx (xxxx) xxx � 2024 Published by Elsevier GmbH. This is
mice that had statistically indistinguishable fat mass (Figure 3B,
n ¼ 13e30). After 21 days of chronic dosing in this cohort, KO mice
trended towards more weight loss in response to semaglutide
(p ¼ 0.058) and experienced substantially more weight loss in
response to tirzepatide compared to WT littermates (Figure 3D,
n ¼ 4e10). Similarly, GIPRKO mice consumed less food in response to
both semaglutide and tirzepatide compared to WT littermates
(Figure 3F, n ¼ 4e10).

3.3. Conditioned taste aversion
The reduction in GLP-1RA-mediated aversion by GIPR agonism was
blocked in GIPRKO (Figure 4A, n ¼ 6e11). Similarly, lean male mice
GIPRDGAT showed more aversion in response to DIA drug combinations
than their WT counterparts (Figure 4B, n¼ 3e5). Male GIPRDGLUT mice
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 2: GIPRKO and GIPRDGAT enhance GLP-1R agonism and block the enhanced efficacy of DIA. (AeB) Body weight, (C) fat mass, (D) and lean mass change in GIPRKO

mice in response to 21 days of daily incretin drugs (n ¼ 9e11). (EeF) Food intake responses to incretin drugs in the same cohort of GIPRKO mice (n ¼ 9e11). (GeH) Body weight,
(I) fat mass and (J) lean mass change in GIPRDGAT mice in response to 21 days of daily incretin drugs (n ¼ 6e8). (KeL) Food intake responses to incretin drugs in during the same
period (n ¼ 6e8). (MeN) Body weight responses to incretin drugs in a second cohort of GIPRDGAT mice (n ¼ 10). (OeP) Body weight, (Q) fat mass, (R) and lean mass change in
GIPRDGLUT mice in response to 21 days of daily incretin drugs (n ¼ 6e7). (SeT) Food intake responses during the same period (n ¼ 6e7). Data in B, C, D, F, H, I, J, L, N, P, Q, R,
and T were analyzed using a 2-way ANOVA. Data are displayed as mean � SEM. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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showed no genotype differences (Figure 4C, n ¼ 6e8). In lean fe-
males, GIPRKO mice responded with more aversion in the DIA group
than WT counterparts with no genotype difference to GLP-1R agonism
alone (Supplemental Figure 4 A, n ¼ 4e7). The reduction in aversion
caused by GIPR agonism was blocked in lean female GIPRDGAT mice
(Supplemental Figure 4 B, n ¼ 3e4). In contrast to the male data,
GIPRDGLUT lean females showed less aversion in response to DIA than
did their WT littermates (Supplemental Figure 4C, n ¼ 7). This may
indicate a sex difference in the interaction of glutamatergic GIPR
neurons and aversion.
6 MOLECULAR METABOLISM xxx (xxxx) xxx � 2024 Published by Elsevier GmbH. This is
4. DISCUSSION

DIAs are potent therapeutic agents with the potential to produce large
and sustained reductions in body weight. Identifying the neural pop-
ulations that they target is an important research goal. The need to do
this is made even more urgent given the confusing findings that drugs
that are GLP-1R agonists and GIP antagonists can also produce sig-
nificant weight loss in both pre-clinical models and humans [15,48].
Our work using large cohorts of mice complements the work of Lis-
kiewicz et al., who found reduced GIPR signaling in GABAergic neurons
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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replicates the resistance to weight gain on an HFD of whole-body GIPR
knockout mice [49]. We have further extended these findings to
indicate that there is very little effect of reducing GIPR signaling in
excitatory glutamatergic neurons on food intake and body weight.
This has a couple of important implications. First, reductions in GIPR
signaling in GABAergic neurons contribute to normal energy balance
regulation but only in the context of an obesogenic food environment, a
pattern seen previously in whole-body GIPR knockouts [33]. This also
fits with recent data that point to CNS GIPR signaling as the key
component of how GIP is linked to the regulation of energy balance
rather than actions in peripheral organs, such as adipose tissue
[16,49]. In our hands, the reduced weight gain in GIPRKO and GIPRDGAT,
but not GIPRDGLUT, mice is associated primarily with reduced con-
sumption of the HFD rather than alterations in energy expenditure or
nutrient handling as has been suggested by other studies [33,50].
However, it is difficult to dissociate differences in food intake caused
by smaller body size versus those caused by a direct effect on food
intake of GIPR KO itself. Indeed, the genotype differences in food intake
disappear when analyzed via a linear mixed model using body weight
as a covariate at each time point (not shown). To minimize thermo-
stress, all mice in this study were housed at 30 �C, allowing the mice
to better emulate human responses to diet and drug administration.
The body weight effects in Figure 1 match published data for the
GIPRKO and GIPRDGAT knockouts at room temperature [33,49] but two
previous studies found that thermoneutrality negates the protective
effect of both GLP-1R and GIPR knockouts on body weight [51,52]. The
cause of this discrepancy is unclear. The second implication is that
genetic manipulations to reduce GIPR signaling in the appropriate
inhibitory GABAergic neuronal populations are associated with lower
weight on an HFD, suggesting that pharmacological GIPR antagonism
in this population may be beneficial.
Due to tirzepatide’s low affinity for the mouse GIPR, we combined a low
dose of tirzepatide with a separate GIPR agonist to emulate the human
response to DIA [38,39]. The alternate option, using a very high tir-
zepatide dose as in [53], presents its own issues for interpretation.
Considering that chronic administration of 2 nmol/kg tirzepatide
caused >20% mean body weight reduction, a 30 nmol/kg dose would
likely reach a saturation point where any GIPR-mediated differences in
body weight would disappear due to maximal GLP-1R engagement.
We would expect a similar oversaturation effect in a CTA experiment
where no amount of GIPR agonism would be sufficient to overcome the
extreme aversive response from high dose GLP-1R agonism.
The finding that the additional weight loss benefit of adding GIPR
activity to a GLP-1R agonist is mediated by GIPR signaling in inhibitory
GABAergic neurons [49], rather than in excitatory glutamatergic neu-
rons has implications to better understand the actions of DIAs. First,
these data provide evidence that GIPR signaling in only GABAergic
neurons is crucial to the response of such DIAs for reducing food intake
and body weight even though GIPR is found in the periphery as well as
non-neuronal cell types in the CNS [26,54]. Second, these data
strongly indicate that the GLP-1 and GIP components of these DIAs act
on separate populations of neurons that ultimately act together in
coordination to further reduce food intake than either monoagonist.
Unlike what was found here for GIPR, GLP-1R agonists require GLP-1
signaling on glutamatergic but not GABAergic neurons [55], though this
finding is not universally agreed upon [56]. This means that the syn-
ergistic actions of GLP-1R and GIPR agonists in the context of a DIA are
distinct from what happens on pancreatic b-cells which express both
GLP-1 and GIP receptors, engaging common intracellular signaling
pathways [57,58]. Rather, the current data would support a model
where DIAs act on separate populations of neurons that likely either
MOLECULAR METABOLISM xxx (xxxx) xxx � 2024 Published by Elsevier GmbH. This is an open access a
www.molecularmetabolism.com
directly communicate with each other or have common downstream
targets that regulate food intake. This is supported by the findings that
GLP-1R agonism and GIPR agonism activate separate brainstem
populations [19] and that the two receptors are typically found in
different neuron types [28,29]. A wide range of data raise the possi-
bility that both of these populations of neurons may reside within the
area postrema (AP) that sits outside the bloodebrain barrier and
consequently are ideally situated to sense circulating levels of GIP
[27,55,59].
The final implication of these data is that loss of GIPR signaling in
GABAergic but not glutamatergic neurons enhances the ability of a
GLP-1R monoagonist to reduce food intake and body weight. It seems
counterintuitive that tirzepatide’s actions are enhanced in both whole-
body and GABAergic GIPR knockouts. After all, as it is a DIA, such data
imply that losing the GIPR agonist component increases rather than
decreases its effectiveness. However, in the context of mouse studies,
the actions of tirzepatide are probably best thought of as reflecting only
the GLP-1 component of the molecule because it is a relatively poor
agonist for the mouse GIP receptor [38,39]. In light of this, we interpret
the findings from both Figures 2 and 3 to mean that loss of GIPR
signaling can enhance the weight loss from GLP-1R agonism. To wit,
this finding is not without precedent as similar results have been seen
before with Mroz et al. finding that a GLP-1 analog peptide caused
substantially more weight loss in whole-body GIPR KO mice compared
to WT counterparts [38]. Furthermore, pharmacological evidence
makes it clear that an antibody that acts as a GIPR antagonist can
enhance the weight loss effects of GLP-1R agonism [30]. The current
data imply that such increases in the effectiveness of a GLP-1R agonist
can be achieved by genetic approaches to reducing GIPR signaling and
that the key targets are GABAergic neurons that express the GIPR.
One hypothesis to explain the apparent contradiction that both GIPR
agonism and antagonism can enhance the efficacy of a GLP-1R
agonist is that the key actions of agonists and antagonists are on
separate populations of receptors [36,60]. This is a logical hypothesis
particularly given that the clinically effective GLP-1R agonist/GIPR
antagonist is an antibody that may be distributed very differently than a
peptide and thereby preferentially act upon separate populations of
GIPR. However, our data make a strong case that the increased weight
loss which can accompany either a GIPR agonist or antagonist depends
on GIPR signaling in GABAergic neurons. It remains possible that the
peptide and antibody may interact with different populations of GIPR in
different anatomical locations within the CNS, since the antibody
protein is considerably larger than either tirzepatide or D-Ala2-GIP
peptides. However, multiple recent studies demonstrate that GIPR
agonists locate primarily to circumventricular organs outside the
bloodebrain barrier such as the AP [26,49].
The AP is also an ideal candidate for a brain region that would mediate
the effects of a large antibody that is highly unlikely to gain access to
other regions of the brain protected by a normal bloodebrain barrier.
Furthermore, the GABAergic GIPR neurons in the AP directly inhibit
aversive and anorectic AP neurons [20,28], suggesting that GIPR
antagonism (or functional antagonism via chronic GIPR stimulation
[37]) of these neurons may improve the actions of GLP-1R agonists and
be therapeutically beneficial as compared to either GLP-1R agonists or
DIAs. Consequently, we conclude that the key GIPR populations for
both a DIA and a GlPR antagonist antibody substantially overlap. This
study’s findings beg the question of why a GIPR KO in GABAergic
neurons would produce this effect in the first place since it is unclear if
any basal GIPR tone exists in the brain due to GIP’s rapid degradation
by DPP-4 [61]. Importantly, GIPR has a much greater constitutive
activity than does GLP-1R [62]. Thus, one possible explanation for the
rticle under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 7
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effects is an innate ligand-independent GIPR tone in GABAergic AP
neurons, the removal of which disinhibits local AP anorectic neurons.
If GIPR antagonism decreases body weight by increasing the actions of
anorectic AP neurons, it could also increase nausea symptoms. While it
is true that a GLP-1R agonist/GIPR antagonist caused nausea or
vomiting in a much higher proportion of patients than did semaglutide
at approximately the same amount of weight loss, this study was too
small to make definitive conclusions about the side effect profile
[14,30]. Notably, GIPR antagonists given to humans or cynomolgus
monkeys produced no side effects, suggesting that GIPR antagonism
does not produce nausea [63,64]. As synaptic disinhibition in the AP
may not present identically to direct activation of aversive neurons, this
finding does not necessarily preclude the model proposed above.
The current study demonstrates the requirement for GIPR in GABAergic
neurons for GIPR-mediated reduction in aversion as well as the
enhanced weight loss efficacy of DIAs. Furthermore, we show that the
removal of GIPR from GABAergic neurons is protective against HFD and
enhances the effects of both semaglutide and tirzepatide in mice.
Together these data indicate that GABAergic GIPR neurons represent
multiple populations of metabolically active neurons with distinct and
opposing effects. Future identification of the exact neurons and/or
neuronal circuitries responsible for each effect will tease out a more
precise targeting of future pharmacotherapies for body weight loss
with less aversive effects.
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CTA Conditioned taste aversion
DIA Dual incretin agonist
DIO Diet-induced obese
GABA Gamma-aminobutyric acid
GIP Glucose-dependent insulinotropic polypeptide
GIPRKO Whole-body GIPR knockout
GIPRDGAT GABAergic neuron GIPR knockout
GIPRDGLUT Glutamatergic neuron GIPR knockout
GLP-1 Glucagon-like peptide-1
HFD High-fat diet
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