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Whole body and hematopoietic cell-specific
deletion of G-protein coupled receptor 65
(GPR65) improves insulin sensitivity in diet-
induced obese mice
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Saswata Talukdar1,*
ABSTRACT

Objective: Acidic extracellular microenvironments, resulting from enhanced glycolysis and lactic acid secretion by immune cells, along with
metabolic acidosis may interfere with the insulin signaling pathway and contribute to the development of insulin resistance. In the present study,
we investigated the role of G protein-coupled receptor GPR65, an extracellular pH sensing protein, in modulating insulin resistance.
Methods: We measured GPR65 expression in the adipose tissue (AT) of subjects with varying metabolic health states. We utilized whole-body
and hematopoietic cell-specific GPR65 knockout (KO) mice to investigate the mechanism underlying the associations between GPR65, in-
flammatory response, and insulin resistance.
Results: Elevated GPR65 expression was observed in the AT of subjects with obesity, compared to their lean counterparts, and was inversely
correlated with insulin resistance. In GPR65 KO mice, improved insulin sensitivity and decreased hepatic lipid content were observed, attributed to
concomitant increases in mitochondrial activity and fatty acid b-oxidation in liver. GPR65 KO mice also exhibited increased Akt phosphorylation in
skeletal muscle, suppressed proinflammatory gene expression in AT, and decreased serum cytokine levels, collectively suggesting the anti-
inflammatory effects of GPR65 depletion. This was further confirmed by observations of decreased macrophage chemotaxis towards AT in vitro,
and depressed inflammatory signaling pathway activation in bone marrow-derived dendritic cells from GPR65 KO mice. Additionally, hemato-
poietic lineage-specific GPR65 KO mice exhibited improved whole body insulin sensitivity in clamp studies, demonstrating GPR65 signaling in
immune cells mediates this effect.
Conclusions: Our data suggests that macrophage-specific GPR65 signaling contributes to inflammation and the development of insulin
resistance.

� 2025 Merck Research Labs. 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/).
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1. INTRODUCTION

Insulin resistance is a hallmark of the metabolically unhealthy obese
population and is an initiating event in the development of type 2
diabetes (T2D) and associated metabolic sequalae [1]. Several studies
have established chronic, low-grade inflammation as a key contributor
to the etiology of insulin resistance [2e4]. In adipose tissue (AT),
inflammation is often instigated by rapid adipocyte hypertrophy in
response to overnutrition, which pushes lipid-laden adipocytes outside
the oxygen diffusion gradient of existing capillaries, resulting in
localized hypoxia and cell death [4]. Resultant cellular debris then
promotes immune cell infiltration and incites resident AT macrophages
(ATMs) to polarize towards a pro-inflammatory or “M1” like phenotype,
leading to pro-inflammatory cytokine production [5]. Thereafter,
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activated inflammatory signaling pathways impair both local and
systemic insulin signaling [6,7].
Importantly, insulin sensitivity in other tissues such as skeletal muscle
and liver are also influenced by local immune cell activity, where
resident and recruited macrophage populations similarly polarize to a
pro-inflammatory phenotype during the development of obesity [8].
Inflammation exerts effects on the extracellular microenvironment
beyond cytokine release, demonstrated by inflammatory responses in
peripheral tissues predisposing the development of acidic microenvi-
ronments [9]. The acidic microenvironment of inflammatory loci is
partly attributed to increased lactate production by the anaerobic
glycolysis of infiltrated neutrophils [10,11]. However, increased
extravasation of fluid into local tissue from inflammation increases the
oxygen diffusion distance to cells and infiltration of circulating immune
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cells further depletes available oxygen, rendering resident cells hyp-
oxic. This, in turn, drives metabolic adaptations in fuel utilization fa-
voring anaerobic glycolysis and producing lactate, which is exported
from the cell through a proton-coupled process, further decreasing
local pH [12]. In line with these observations, obese mice with
adipocyte-selective knockdown of lactate dehydrogenase A have
reduced inflammatory ATM accumulation and are protected from
obesity-associated glucose intolerance and insulin resistance. More-
over, human adipose tissue lactate levels are positively correlated with
both inflammatory gene expression and insulin resistance independent
of body mass index (BMI) [13]. People with obesity and diabetes have
been shown to have lower blood pH [14], and local low pH has been
shown to inhibit insulin signaling in several tissues [8]. Moreover,
metabolic acidosis induced in lean insulin-sensitive individuals results
in impaired insulin signaling, suggesting this effect is not dependent on
obesity or impaired metabolic function per se [15]. Thus, it is important
to investigate how immune cells are influenced by the acidic micro-
environments commonly found in tissues with excess fat accumula-
tion, as this may affect immune cell function, cytokine production, and
the initiation or worsening of insulin resistance.
One potential regulator of immune cell function in an acidic micro-
environment is G protein-coupled receptor GPR65 (aka T cell death-
associated gene 8/TDAG8) which is an extracellular pH sensor pri-
marily expressed in lymphoid tissues [16]. Previous studies have
demonstrated that GPR65 senses extracellular pH or proton concen-
tration via their histidine residues, stimulating adenylyl cyclase activity
and the subsequent accumulation of intracellular cyclic AMP (cAMP)
[17]. However, the pathophysiological function of GPR65 in the context
of obesity and insulin resistance is incompletely understood. GPR65 is
highly expressed in the immune system of humans, implying a po-
tential immunometabolic role in metabolic disorders where the inci-
dence of acidosis is high [18]. Indeed, GPR65 has been shown to be a
susceptibility gene for inflammatory bowel disease (IBD), where it
regulates gut inflammation by promoting the differentiation of CD4þ

Th1 and Th17 cells [19]. Interestingly, the role of GPR65 as a metabolic
regulator may extend beyond pH sensing in immune cells as it is
expressed on a subpopulation of vagal afferent neurons innervating
intestinal villi [20] which act as nutrient sensors and may regulate
hepatic glucose production [21].
Although tissue acidosis and inflammation both contribute to insulin
resistance and are mediated by immune cell activity, the role of GPR65
in obesity-driven metabolic diseases remains unknown. We made the
novel observation that GPR65 expression in the AT of humans is
increased with metabolically unhealthy obesity, suggesting GPR65
may play a role in modulating metabolism in other metabolically active
tissues. Thus, we sought to examine the role of GPR65 in multi-organ
immune cell-mediated insulin resistance. To this end, we fed GPR65
knockout (KO) animals a high-fat diet and interrogated the effects of
GPR65 deficiency on glucose disposal, tissue insulin sensitivity, and
inflammation. In addition, we make key correlations between immune
cell GPR65 expression and inflammatory signaling pathway activation,
chemotaxis, and immune cell polarization. Together, we demonstrate
that GPR65 regulates the acidosis-induced proinflammatory response
of macrophages and modulates tissue inflammation and insulin
resistance in metabolic disorders.

2. METHODS

2.1. Clinical study
A total of 53 subjects (12 men and 41 women) participated in this
study. The results represent a new analysis of adipose tissue samples
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and data that were obtained during the participants’ involvement in
another study that evaluated the metabolic heterogeneity among
people who are lean or with obesity [22]. Three groups were studied:
1) metabolically-healthy lean (MHL, n ¼ 15) defined as a body mass
index (BMI) of 18.5e24.9 kg/m2, with normal fasting plasma glucose
(<100 mg/dL), oral glucose tolerance (2-h oral glucose tolerance test
(OGTT) plasma glucose <140 mg/dL) and intrahepatic triglyceride
content (IHTC) (�5% of liver volume as triglyceride); metabolically-
healthy obese (MHO, n ¼ 19) defined as a BMI of 30.0e49.9 kg/
m2 with normal fasting plasma glucose, oral glucose tolerance and
IHTC; and 3) metabolically-unhealthy obese (MUO, n ¼ 19) defined as
a BMI of 30.0e49.9 kg/m2, with impaired fasting glucose (100e
125 mg/dL) or impaired oral glucose tolerance (2-h OGTT plasma
glucose 140e199 mg/dL) and high IHTC (�6%). The study was
conducted in the Clinical Translational Research Unit (CTRU) at
Washington University School of Medicine in St. Louis, MO. Partici-
pants provided written, informed consent before participating in this
study, which was approved by the Institutional Review Board at
Washington University School of Medicine in St. Louis, MO, and
registered at ClinicalTrials.gov (NCT02706262). Potential participants
who had a history of diabetes or liver disease other than metabolic
dysfunction-associated steatotic liver disease (MASLD), were taking
medications that can affect glucose or lipid metabolism, consumed
excessive amounts of alcohol (>21 units of alcohol per week for men
and >14 units of alcohol per week for women), or were pregnant or
lactating were excluded.
Details of the research methods have been described previously [22].
Total body fat and fat-free mass (FFM) were determined by using dual-
energy x-ray absorptiometry and IHTC was determined by using
magnetic resonance imaging. Serial 24-hour (hourly from 7:00 am to
11:00 pm and from 5:00 am to 7:00 am) plasma glucose and insulin
concentrations were obtained to assess 24-hour plasma glucose and
insulin concentration areas-under-the curve (AUC). Skeletal muscle
insulin sensitivity, assessed by using the hyperinsulinemic-euglycemic
clamp procedure (insulin infusion rate of 50 mU/m2 body surface area/
min), in conjunction with stable isotopically labeled glucose tracer
infusion, was calculated as glucose rate of disposal (Rd) expressed per
kg FFM divided by the average plasma insulin concentration (glucose
Rd/Insulin) during the final 20 min of the clamp procedure [23]. Hepatic
insulin sensitivity was assessed by using the Hepatic Insulin Sensitivity
Index calculated as the inverse of the product of plasma insulin con-
centration and the endogenous glucose rate of appearance into the
systemic circulation, determined by dividing the glucose tracer infusion
rate by the average plasma glucose tracer-to-tracee ratio during the
last 20 min of the basal period of the clamp procedure [24]. Peri-
umbilical subcutaneous abdominal adipose tissue was obtained by
percutaneous liposuction during the basal period of the clamp pro-
cedure, flash frozen in liquid nitrogen and stored at �80 �C until
processing for RNA sequencing.

2.2. Chemicals and reagents
All chemicals and reagents were purchased from SigmaeAldrich
unless stated otherwise.

2.3. Animal care and use
Male C57BL/6 mice or homozygous GPR65 KO and WT littermates
were acquired from Taconic Biosciences (Germantown, NY) at 8 weeks
of age and housed on a 12 h light/dark cycle with ad libitum access to
water and a 60% high-fat diet (HFD; D12492, Research Diets) for 16e
20 weeks. All procedures detailed here were approved by the Insti-
tutional Animal Care and Use Committee.
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2.4. Adipose tissue macrophages (ATMs) isolation and
fluorescence-activated cell sorting (FACS) analysis of ATMs
ATM isolation from adipose tissue stromal vascular cells (SVCs) and
FACS analysis were performed as previously described [25]. Briefly,
epididymal fat pads were weighed, rinsed three times in PBS, and then
minced in FACS buffer (PBS þ 1% low endotoxin BSA). Tissue sus-
pensions were treated with collagenase (1 mg/mL, SigmaeAldrich) for
30 min, and then filtered through a 100 mm filter (BD Biosciences).
After centrifugation at 500 g for 5 min, the supernatant containing
adipocytes was removed and the pellet containing the SVC fraction
was incubated in RBC lysis buffer (eBioscience) for 5 min followed by
another centrifugation (300 g, 5 min) and resuspension in FACS buffer.
SVCs were incubated with Fc Block (BD Biosciences) for 20 min at 4 �C
before staining with fluorescently labeled primary antibodies or control
IgGs for 30 min at 4 �C. F4/80-APC FACS antibody was purchased
from AbD Serotec (Raleigh, NC); FITC-CD11b and PE-CD11c FACS
antibodies were from BD Biosciences. Cells were gently washed twice
and resuspended in FACS buffer with propidium iodide (Sigmae
Aldrich). SVCs were analyzed using a FACSAria flow cytometer (BD
Biosciences). Unstained, single stains and Fluorescence Minus One
controls were used for setting compensation and gates. The events
were first gated based on Forward-area versus Side scatter-area as
well as Side scatter-height versus Side scatter-width and Forward
scatter-height versus Forward scatter-width for a total of three dual
parameter plots to gate out aggregates and debris. Single color con-
trols were used to calculate compensation using the FACSDiva soft-
ware. A plot of Forward scatter versus propidium iodide was used as
the fourth gate to identify individual, live cells. To measure markers
with the maximum sensitivity, each fluorochrome was plotted versus
propidium iodide, and polygons were drawn, angled with the aid of the
Fluorescence Minus One controls.

2.5. Mouse metabolic studies
Hyperinsulinemic-euglycemic clamp studies were performed as pre-
viously described [26]. Briefly, mice underwent surgical dual cathe-
terization of the right jugular vein. Catheters were tunneled
subcutaneously and exteriorized in the intrascapular region, allowing
for free rein of movement during the clamp procedure. Mice which
exhibited >4% loss of their pre-cannulation body weight after 4e5
days of recovery were excluded from the study. On the day of clamp
mice were fasted for 6 h and baseline blood glucose measured via tail
nick at �10 and 0 min using a handheld glucometer (AlphaTRAK2,
Abbot Laboratories). While restrained, mice received a constant jugular
infusion of D-[3-3H] glucose (5 mCi/h; DuPont-NEN) for 90 min during
equilibration, then an infusion of glucose (50% dextrose, variable
infusion rate; Abbott), tracer (5 mCi/h), and insulin (6 mU/kg/min).
Serial blood sampling was performed every 10 min via tail vein nick for
blood glucose monitoring, and plasma glucose measurements reached
steady state conditions (120 � 10 mg/dL) for a minimum of 30 min by
the end of the procedure. Tracer-determined rates were calculated
using the Steele equation as previously described [27].
For oral glucose tolerance tests (OGTT) mice were fasted for 7 h,
baseline blood drawn via tail vein nick, and then an intraperitoneal (i.p.)
dose of 1 g/kg�1 dextrose administered as previously described [28].
Serial blood draws were then taken via tail vein nick at indicated
timepoints and assayed via a handheld glucometer (AlphaTRAK2,
Abbot Laboratories).

2.6. Biochemical analysis
Total RNA was isolated from flash frozen tissue samples using Qiazol
reagent (Qiagen) and RNeasy columns (Qiagen) according to
MOLECULAR METABOLISM 97 (2025) 102169 � 2025 Merck Research Labs. Published by Elsevier GmbH. This is an o
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manufacturer’s instructions. RNA purity and quality was analyzed via
nanodrop spectrophotometry (ThermoFisher). First-strand cDNA was
synthesized using a High-Capacity cDNA Reverse Transcription Kit
(Applied Biosystems). Quantitative PCR (qPCR) was run as a 20 mL
reaction using a MJ Research PTC-200 96-well thermocycler coupled
with the Chromo 4 Four-Color Real-Time System (GMI Inc.). Gene
expression was calculated using the DDCT method normalized to the
housekeeping gene GAPDH then expressed as relative mRNA values
compared to internal control. RNA sequencing of human AT samples
was performed as previously described [22].
Western blots were run using cell or tissue lysates extracted with RIPA
buffer supplemented with a protease inhibitor cocktail (HALT, Ther-
moFisher). 20 mg of protein was separated using pre-cast SDS gels
composed of 10% polyacrylamide (Bio-Rad), then transferred onto a
polyvinylidene difluoride membrane (Immobilon, Milipore). Western
blots were then stained and imaged as previously described [29]. All
antibodies detailed here were acquired from Cell Signaling Technology.
Cellular ATP was analyzed via enzyme-linked immunosorbent assay
(ELISA) (BioSource) on lysates prepared as above and normalized to
total cellular protein via BCA assay (Pierce, ThermoFisher). NAD/NADH
ratio was determined colorimetrically using a specific kit (Abcam).
Mouse serum cytokines were assayed using an MSD multiplex kit
(MesoScale Discovery) according to manufacturer’s instructions.

2.7. Liver histology and lipid content measurement
Liver tissue was embedded in OCT then flashes frozen in liquid ni-
trogen and cryosectioned in 10 mm slices before being fixed for 20 min
in PFA. Neutral lipids were stained via Oil red O and imaged. Liver
triglycerides were extracted from frozen tissue using a 2:1 mixture of
chloroform and methanol (Folch method) and assayed using
Triglyceride-SL assay kit (Genzyme Diagnostics).

2.8. Palmitic acid oxidation assay
For the palmitic acid oxidation assay liver homogenates (w40 mL)
were pre-incubated for 15 min at 30 �C as previously described [30].
Homogenates were then combined with 160ul of oxidation buffer
(described elsewhere [31]), followed by [1e14C]Palmitate (0.5 mCi/mL,
final concentration) in an albumin complex (molar ratio of 5:1). Re-
actions were allowed to progress for 60 min before being halted by the
addition of 200 mL of 3 M HClO4, followed by an additional incubation
step for 75 min at 4 �C. An organic solvent mixture composed of
ethanolamine and ethylene glycol (300 mL; 1:1, v/v) was used to trap
the released radiolabeled CO2. The mixture was then centrifuged at
10,000 g for 1 min and supernatant radioactivity assayed via liquid
scintillation counting. Palmitate oxidation rates were calculated as
described by Glatz et al. [32] from the sum of 14CO2 and

12C-labeled
acid-soluble products.

2.9. Cell culture
3T3-L1 adipocytes were acquired from American Type Culture
Collection (ATCC) and grown and passaged in high-glucose Dulbecco’s
modified Eagle’s medium DMEM (Hyclone) containing 4500 mg/L
glucose and 4 mM L-Glutamine and supplemented with 10% (v/v) low
endotoxin fetal bovine serum (FBS; Gibco) and 1% (v/v) penicillin-
streptomycin (Gibco) (basic media) and maintained in a humidified
incubator at 37 �C and 5% CO2. Cells were grown to confluence, then
2 days post confluency (day 0) differentiation was initiated via sup-
plementation of the same media with 3 isobutyl-1-methylxanthine
(IBMX; 500 mM), dexamethasone (25 mM), and insulin (4 mg/mL) for
2 days. Media was replaced with basic media containing 4 mg/mL
insulin on days 2, 5, and 8, and then with basic media alone on day 11
pen access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 3

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com


Original Article
for conditioned media harvesting on day 12. The collected media was
aliquoted and frozen at �20 �C until the time of chemotaxis assay.
Bone marrow cells were acquired from flushing the tibial and femoral
medullary cavities of GPR65 KO mice or WT littermates with RPMI
medium (Gibco). Cells were washed and seeded into tissue culture
plates and maintained in RPMI media supplemented with 20% low
endotoxin FBS and 1% penicillin-streptomycin. Cells underwent
directed differentiation towards bone marrow-derived macrophages
(BMDMs) or bone marrow-derived dendritic cells (BMDCs) via sup-
plementation with L-929 conditioned medium (30%, v/v) or recombi-
nant GM-CSF (40 ng/mL), respectively. Differentiation was complete 8
days post-plating when expression of F4/80 and CD11c have been
demonstrated to be high [33].

2.10. In vitro chemotaxis assay
Chemotaxis assays and intraperitoneal macrophage isolation were
performed as previously described [34]. Fully differentiated 3T3-L1
adipocytes were used for preparation of conditioned media and har-
vested solely from adipocytes demonstrating large lipid droplets 12 days
after differentiation. For the migration assay, intraperitoneal macro-
phages were isolated from GPR65 KO mice or WT littermates via thio-
glycollate challenge. Briefly, 1 mL of 3.8% brewers thioglycollate
medium was injected into the animals’ abdominal cavity to incite
macrophage accumulation. After 3 days mice were euthanized under
isoflurane anesthesia and 3 mL of ice-cold DPBS were injected and
massaged into the peritoneal cavity. The fluid was recovered, and
intraperitoneal macrophages were pelleted via centrifugation before
being resuspended in RPMI medium. Intraperitoneal macrophages
(100,000 cells/condition) were placed in the upper chamber of an 8 mM
polycarbonate filter (24-transwell format; Corning), with adipocyte
conditioned medium placed in the lower chamber. Cells were allowed to
migrate for a duration of 3 h before undergoing formalin fixation and
staining with 4’, 6-diamidino-2-phenylindole for counting.

2.11. Bone marrow transplantation
Bone marrow cells were obtained from male GPR65 KO mice or WT
littermates then injected into irradiated at 1,000 rad 8-week-old male
C57BL/6 mice via the tail vein (w3 � 106 cells/animal). Mice were
maintained on an HFD for 16 weeks following injection. The recon-
stitution of donor marrow was confirmed after 4 weeks via qPCR.
Table 1 e Body composition and metabolic characteristics of the participants.

Age (yr)
Body mass index (kg/m2)
Body mass (kg)
Fat-free mass (kg)
Body fat (%)
Intrahepatic triglyceride content (%)
HbA1c (%)
Fasting glucose (mg/dL)
OGTT 2-h plasma glucose (mg/dL)
24-h glucose AUC (mg/dL x 24 h)
24-h Insulin AUC (mU/mL x 24 h)
Hepatic insulin sensitivity index [1,000/(mmol/kg FFM/min)*(mU/mL)]
Skeletal muscle insulin sensitivity [Glucose Rd (nmol/kg FFM/min)/Insulin (mU/mL)]

Data are expressed as mean � SEM. FFM, fat-free mass. OGTT, Oral glucose tolerance test.
post-hoc procedure were used to identify significant differences between groups.
a P � 0.05 value significantly different from MHL value.
b P � 0.05 value significantly different from MHO value.
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2.12. Data analysis & statistics
Densitometric quantification and normalization were performed using
ImageJ 1.42q software (NIH). Statistical analyses were conducted with
Prism software version 9.4.1 (GraphPad, San Diego, CA). Comparisons
between two groups were analyzed using Student’s unpaired t-test.
Comparisons between three or more groups were analyzed using one-
way analysis of variance (ANOVA), with Bonferroni or Fisher’s least
significant difference post-hoc test used to locate significant mean
differences when appropriate. Relationships between adipose tissue
GPR65 and hepatic and whole-body insulin sensitivity were evaluated
using linear and nonlinear regression analysis with the best-fit to the
data reported. Data is presented as means � SEM. Statistical signif-
icance was defined as P < 0.05.

3. RESULTS

3.1. GPR65 expression is elevated in the adipose tissue of people
with obesity, and in the adipose tissue pro-inflammatory
macrophage population of HFD-fed mice
We first sought to determine the relevance of adipose tissue (AT)
GPR65 expression on metabolic function in humans with different
metabolic states. To achieve this, we conducted a hyperinsulinemic-
euglycemic clamp in metabolically healthy lean (MHL) subjects, as
well as those with metabolically healthy obesity (MHO) or metabolically
unhealthy obesity (MUO) and correlated AT GPR65 expression with
hepatic and skeletal muscle insulin sensitivity.
Body composition and metabolic characteristics of the study partici-
pants are shown in Table 1. There were no differences in body mass
index (BMI), percent body weight as fat, or fat-free mass (FFM) be-
tween MHO and MUO groups (P > 0.05; Table 1). However, IHTC,
HbA1c, plasma glucose variables (fasting 2-hour OGTT and 24-hour
plasma glucose AUC), and 24-hour plasma insulin AUC were greater
and hepatic and skeletal muscle insulin sensitivity were lower in the
MUO than the MHO group (P < 0.05; Table 1). Hepatic and skeletal
muscle insulin sensitivity were greater in the MHL than the MHO group
(P < 0.05; Table 1). Adipose tissue expression of GPR65 progressively
increased from the MHL to the MHO to the MUO groups (P < 0.05;
Figure 1A) and was inversely correlated with skeletal muscle insulin
sensitivity (r ¼ �0.68, P < 0.05; Figure 1B) and hepatic insulin
sensitivity (r ¼ �0.67, P < 0.05; Figure 1C). Taken together, in
MHL (n ¼ 15) MHO (n ¼ 19) MUO (n ¼ 19)

36.0 � 2.3 39.7 � 1.8 39.4 � 2.0
22.7 � 0.4 38.9 � 1.2a 39.4 � 1.1a

64.1 � 1.8 109.0 � 3.9a 109.9 � 4.5a

45.6 � 1.7 54.6 � 2.0a 56.7 � 2.3a

28 � 2 49 � 1a 48 � 1a

1.6 � 0.1 2.5 � 0.2 15.7 � 1.7ab

5.0 � 0.1 5.1 � 0.1 5.7 � 0.2ab

85 � 1 88 � 1 99 � 2ab

97 � 5 106 � 4 169 � 8ab

2,273 � 43 2,295 � 30 2,668 � 40ab

548 � 77 1,087 � 98 2,223 � 302ab

11.3 � 1.1 5.8 � 0.5a 3.0 � 0.2ab

636 � 42 421 � 40a 192 � 7ab

Glucose Rd, glucose rate of disappearance. Two-tailed one-way ANOVAs and Bonferroni
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Figure 1: GPR65 expression is elevated in the adipose tissue of individuals with obesity and in the adipose tissue pro-inflammatory macrophage population of HFD-
fed mice: A: Subcutaneous abdominal adipose tissue GPR65 expression in metabolically healthy lean (MHL; n ¼ 15), metabolically healthy obese (MHO; n ¼ 19), and metabolically
unhealthy obese (MUO; n ¼ 19) groups. BeC: Relationship between adipose tissue GPR65 expression and skeletal muscle insulin sensitivity (glucose rate of disappearance
expressed per kg fat-free mass [FFM] relative to plasma insulin concentration during the hyperinsulinemic-euglycemic clamp procedure [glucose Rd/Insulin]) and the hepatic insulin
sensitivity index (HISI, reciprocal of the product of endogenous glucose production rate/kg FFM and plasma insulin concentration during basal conditions). D-E: Mice were fed either
a chow or high-fat diet (HFD) for 16 weeks, then their adipose tissue macrophages (ATM) isolated and characterized. (D) Isolation and gating of FACS sorted ATM, (E) ATM GPR65
expression across populations double positive (ATM2) or triple positive (ATM3) for macrophage markers (n ¼ 8e9/group). (F) GPR65 expression across tissues in a chow-fed
mouse. Data are presented as means � SEM. (*P < 0.05, ****P < 0.0001). eWAT, epididymal white adipose tissue; S. intestine, small intestine; BMDC, bone marrow
derived dendritic cells; BMDM, bone marrow derived macrophages; IP-mac, intraperitoneal macrophages.
humans, AT GPR65 expression is inversely associated with obesity and
positively associated with insulin resistance.
As shown above, GPR65 is expressed in human adipose tissue [35],
however studies have demonstrated expression in immune cells [36].
Thus, the elevations in AT GPR65 mRNA levels observed here are likely
due to either upregulated GPR65 expression in the resident AT immune
cells or an increase in immune cell infiltration. This is consistent with
data from others showing that pro-inflammatory macrophage infiltra-
tion and subsequent cytokine release is key in the development of AT
MOLECULAR METABOLISM 97 (2025) 102169 � 2025 Merck Research Labs. Published by Elsevier GmbH. This is an o
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dysfunction and pathogenesis of insulin resistance [4]. To further
interrogate the relationship between the adiposeeimmune axis and
GPR65 expression, we isolated the immune cell-containing stromal
vascular fraction (SVF) from the AT of mice fed a 60% high-fat diet
(HFD) for 16 weeks and FACS sorted them based on AT macrophage
(ATM) marker expression (Figure 1D). Additionally, a cohort of HFD-fed
mice for 16 weeks was switched to a chow diet to determine if the
increase in GPR65 expression upon HFD feeding could be reversed by
dietary intervention. GPR65 expression was elevated in the ATM
pen access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 5
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population that were triple positive for the pro-inflammatory markers
F4/80, CD11b and CD11c (ATM3), compared to ATMs that were
positive for F4/80 and CD11b alone (ATM2) (P < 0.05; Figure 1E);
suggesting GPR65 expression increases with pro-inflammatory po-
larization. Consistent with this observation, GPR65 expression
decreased in the population of ATM3 isolated from HFD-fed mice
reverted back to a chow diet (P < 0.05; Figure 1E), confirming that
GPR65 expression is positively correlated with proinflammatory tone,
and the number of ATMs in mice. In contrast to data in humans, GPR65
expression was detected in several murine tissues, including insulin
responsive tissues such as liver, skeletal muscle, and white AT (WAT)
(Figure 1F) suggesting that GPR65 may play a role in modulating in-
sulin sensitivity beyond the adipose tissue.

3.2. GPR65 knockout mice display improved insulin sensitivity
Since our initial observation of the elevated GPR65 expression in
proinflammatory ATMs after HFD feeding supported a possible meta-
bolic regulatory role for GPR65, we investigated the role of GPR65 on
more holistic indices of metabolic health. We generated a whole-body
GPR65 KO mouse line and measured differences in fasting insulin and
glucose levels between KO and WT littermates fed an HFD. There were
no differences in body weight in WT and KO animals (data not shown).
Both fasting glucose and insulin were significantly decreased in GPR65
KO animals compared to WT (P < 0.05; Figure 2A,B), indicating a
possible insulin sensitizing effect of GPR65 depletion. In line with this,
GPR65 KO mice showed significant improvements in blood glucose
levels during an oral glucose tolerance test (OGTT) compared with WT
littermates, both throughout the experimental time course and in the
AUC (P < 0.05; Figure 2C,D).
To further assess whole-body insulin sensitivity and to delineate the
tissues responsible for improved glucose tolerance in GPR65 KO mice,
we performed a hyperinsulinemic-euglycemic clamp. GPR65 KO mice
required a glucose infusion rate (GIR) nearly twice that of WT litter-
mates to maintain euglycemia (P < 0.05; Figure 2E). Suppression of
hepatic glucose production (HGP) during clamp was also significantly
improved in GPR65 KO animals compared with WT littermates
(P < 0.05; Figure 2H). Although total glucose disposal rate (GDR)
remained similar between groups (Figure 2F), insulin-stimulated GDR
(IS-GDR) at clamp, which reflects muscle insulin sensitivity, was
significantly increased in GPR65 KO animals compared with WT lit-
termates (P < 0.05; Figure 2G), together suggesting an improvement
in whole-body insulin sensitivity after GPR65 deletion.

3.3. Increased mitochondrial activity and fatty acid oxidation in
GPR65 KO animals contribute to improved insulin sensitization in the
liver
To investigate why GPR65 depletion suppresses HGP and improves
hepatic insulin sensitivity, we characterized the hepatic phenotype of
these mice. A significant driver of hepatic insulin resistance in HFD-
induced obesity is the anomalous accumulation of triglycerides (TG),
leading to hepatic steatosis [37]. Lipotoxicity from intracellular lipid
intermediates such as diacylglycerols (DAG) and ceramides are
correlated with impaired insulin sensitivity and have been shown to
interfere with the insulin receptor signaling pathways [38].
Indeed, Oil Red O (ORO) staining of neutral lipids in liver sections from
GPR65 KO and WT animals revealed decreased lipid accumulation in
KO animals compared with WT littermates (Figure 3A). Consistent with
ORO staining, liver TG content measured biochemically, was signifi-
cantly decreased in KO animals compared to WT littermates (P< 0.05;
Figure 3B).
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Previous studies have demonstrated mitochondrial dysfunction such
as primary oxidative phosphorylation (OxPhos) deficiency contributes
to hepatic insulin resistance [39]. We asked whether markers of
OxPhos are elevated in our GPR65 KO mouse line. Expression of
mitochondrial genes involved in mitochondrial maintenance and
biogenesis such as transcription factor A mitochondrial (TFAM), the
dUTPase isoform Ndut, nuclear respiratory factor (NRF), and key
genes regulating thermogenesis, such as uncoupling protein (UCP)1
and UCP3 are increased in the livers of GPR65 KO mice (P < 0.05;
Figure 3C). Additionally, there was a significant increase of mito-
chondrial Complex I and Complex IV activity in the livers of GPR65 KO
animals, compared to WT littermates (P < 0.05; Figure 3D), sug-
gesting enhanced mitochondrial oxidative phosphorylation. Consistent
with our observation of decreased liver TG content and enhanced
Complex I and IV expression in GPR65 KO mice, b-oxidation of fatty
acids was significantly increased in the livers of GPR65 KO mice
(P < 0.05; Figure 3E). Moreover, the ratio of NADH to NADþ and
concentration of ATP were similarly elevated in GPR65-KO livers
(P < 0.05; Figure 3F,G), supporting an elevated rate of oxidative
phosphorylation. These data demonstrate GPR65 deficiency improves
mitochondrial function, and confers at least in part, improved hepatic
insulin sensitivity.
To further investigate the whole-body insulin sensitizing effect of
GPR65 KO, we then performed an acute insulin response study in the
skeletal muscle; wherein, insulin was injected through the inferior vena
cava of fasted and anesthetized mice, and muscle excised for analysis
both under basal conditions and 5 min post insulin injection. Upon
stimulation with insulin, phosphorylation of Akt at Ser473 was mark-
edly increased in the skeletal muscle of GPR65 KO animals, compared
to WT littermates (P< 0.05; Figure 3H,I). Together, these data suggest
that GPR65 depletion confers improvements in insulin sensitivity in
both the liver and skeletal muscle.

3.4. GPR65 KO animals have improved adipose tissue and serum
cytokine profiles, resulting in decreased chemotaxis, inflammation
and increased M2 polarization
Since we initially observed elevated GPR65 expression in the AT of
people with obesity, and macrophage infiltration in obese AT is a
hallmark of insulin resistance, we next examined whether GPR65
deficiency alters AT inflammatory tone and cytokine release. In GPR65
KO mice circulating cytokines such as tumor necrosis factor (TNF)a,
macrophage inflammatory protein (MIP)-1b, IL-6, IL-12 p40, and
chemokine cec motif ligand (CCL)5 were markedly reduced (P< 0.05;
Figure 4A), whereas, anti-inflammatory IL-10 levels showed a non-
significant increase (P > 0.05; Figure 4A). We observed a significant
down regulation of genes associated with pro-inflammatory “M1”
macrophages such as keratinocyte-derived cytokine (KC), and cluster
of differentiation (CD)80 and CD86 in the AT of GPR65 KO mice
(P < 0.05; Figure 4B). On the other hand, anti-inflammatory or “M2”
markers such as Arginase (Arg), interleukin (IL)-10, and macrophage
galactose-type lectin (MGL)1 were upregulated in the AT of GPR65 KO
mice (P < 0.05; Figure 4C). Overall, these results indicate that GPR65
deficiency leads to an anti-inflammatory phenotype in HFD-fed mice.
Since GPR65 expression is known to be enriched in immune cells, we
then sought to determine the effects of GPR65 deletion in macro-
phages. To this end, we utilized an in vitro transwell chemotaxis assay
to measure the migratory capacity of intraperitoneal macrophages (IP-
Macs) derived from WT or GPR65 KO mice towards adipocytes.
Macrophages harvested from WT mice migrated robustly towards the
conditioned media (CM) harvested from 3T3-L1 adipocytes, whereas
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Figure 2: GPR65 mice have improved insulin sensitivity. Whole-body GPR65 knockout (KO) mice or wildtype (WT) littermates were fed on a high-fat diet for 16 weeks before
undergoing an oral glucose tolerance test (OGTT) (CeD) or a hyperinsulinemic-euglycemic clamp (EeH). (A) fasting blood glucose, (B) fasting plasma insulin, (C) OGTT, (D) OGTT
AUC, (E) glucose infusion rate, (F) glucose disposal rate, (G) insulin-stimulated glucose disposal rate, (H) suppression of hepatic glucose production. Data is presented as
means � SEM (n ¼ 10e15/group) (*P < 0.05). AUC, area under the curve; GIR, glucose infusion rate; GDR, glucose disposal rate; IS-GDR, insulin-stimulated GDR; HGP, hepatic
glucose production.
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Figure 3: Increased mitochondrial activity and fatty acid oxidation in GPR65 KO mice contribute to improved insulin sensitization in the liver and skeletal muscle. A-G:
Comparison of key metabolic marker in the livers of GPR65 KO mice or WT littermates. (A) Representative Oil Red O staining, (B) liver TG, (C) thermogenic gene expression, (D)
mitochondrial complex gene expression, (E) palmitic acid oxidation, (F) ratio of NADH to NAD, (G) ATP concentration. HeI: Acute insulin response study in skeletal muscle. (H)
Representative blots of phosphorylated-Akt(S473) and Akt, (I) quantification of relative change in Akt/p-Akt ratio. Data is presented as means � SEM (n ¼ 8e9/group) (*P < 0.05).
TG, triglyceride; TFAM, transcription factor A mitochondrial; Cox5a, cytochrome C oxidase subunit 5a; Ndut, dUTPase; NRF, nuclear respiratory factor; UCP, uncoupling protein; PA
OxD, palmitic acid oxidation; NAD, nicotinamide adenine dinucleotide. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of
this article.)
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macrophages harvested from GPR65 KO animals showed a dramatic
decrease in migratory activity (P < 0.05; Figure 4D).
To confirm this finding in a cell autonomous way, we obtained
pluripotent hematopoietic stem cells (HSCs) from bone marrow of WT
and GPR65 KO mice, differentiated them into bone marrow derived
dendritic cells (BMDCs), and then challenged them with
8 MOLECULAR METABOLISM 97 (2025) 102169 � 2025 Merck Research Labs. Published by Elsevier G
lipopolysaccharide (LPS). As expected, LPS treatment caused a dose-
dependent increase in the phosphorylation of proinflammatory
signaling pathways, including the central regulator of nuclear factor
(NF)-kB expression, IkB kinase (IKK), and a major pro-inflammatory
signaling cassette mitogen-activated protein kinase (MAPK), c-Jun
N-terminal kinase (JNK) (P < 0.05; Figure 4E). However, in GPR65-
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Figure 4: GPR65 deletion reduces systemic inflammation, blunts monocyte infiltration, and increases M2 macrophage polarization. A-C: GPR65 KO mice or WT lit-
termates were fed HFD for 16 weeks, then anesthetized and tissues and whole blood isolated. A) Serum cytokines, B) adipose tissue proinflammatory “M1” gene expression, C)
adipose tissue anti-inflammatory “M2” gene expression. D: Intraperitoneal macrophages were isolated and seeded into a transwell co-culture system, then conditioned media (CM)
from 3T3-L1 adipocytes placed in the adjacent transwell to determine chemotaxis. D) Macrophage chemotaxis assay. E-I: Pluripotent hematopoietic stem cells were obtained from
the bone marrow (BM) of GPR65 KO mice or WT littermates and differentiated into either BM-derived dendritic cells (BMDC) or BM-derived macrophages (BMDM), then challenged
with lipopolysaccharide (LPS). E) Representative blots of inflammatory signaling pathways, F) quantification of p-JNK fold change, G) quantification of p-IKK fold change. A Subset
of BMDM were also treated with anti-inflammatory IL-4 to see amenability to M2 polarization. H) Relative gene expression of BMDM, I) representative blot of p-STAT6 in cells
treated with/without IL-4. Data is presented as means � SEM (n ¼ 8e9/group) (*P < 0.05). TNFa, tumor necrosis factor a; KC, keratinocyte-derived cytokine (CXCL1); IFNg,
interferon-g; MIP1a, macrophage inflammatory protein-1a; MIP3a, macrophage inflammatory protein-3a; GM-CSF, granulocyte-macrophage colony-stimulating factor; G-CSF,
granulocyte colony-stimulating factor; IL, interleukin; RANTES, regulated upon activation normal T-cell expressed and secreted; MCP-1, macrophage chemoattractant protein-1.
deficient BMDCs, activation of these pathways by LPS was significantly
diminished (P < 0.05; Figure 4EeG). Gene expression analysis of
BMDCs from GPR65 KO mice revealed that the relative abundance of
IL-1b, IL-6 and TNFa is significantly decreased compared to cells from
WT mice (P< 0.05; Figure 4H). These observations are consistent with
MOLECULAR METABOLISM 97 (2025) 102169 � 2025 Merck Research Labs. Published by Elsevier GmbH. This is an o
www.molecularmetabolism.com
decreased serum cytokine levels seen in GPR65 KO animals relative to
WT littermates (Figure 4A).
The anti-inflammatory phenotype seen in GPR65 KO mice may be
explained in part by a polarization bias in the macrophage population
toward an “M2” like phenotype. To explore this, we treated BMDCs
pen access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 9
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and bone marrow derived macrophages (BMDM) from WT and GPR65
KO mice with the anti-inflammatory cytokine IL-4, which has been
shown to promote an alternative “M2” activation of monocytes.
Consistent with earlier findings, IL-4-induced a significantly greater
increase in phosphorylation of signal transducer and activator of
transcription (STAT)6, a marker of M2 signaling, in GPR65 deficient
BMDCs compared to WT (P < 0.05; Figure 4I). Moreover, GPR65 KO
BDMCs exhibited higher basal phosphorylation of STAT6, suggesting
they are primed toward an M2 phenotype (P < 0.05; Figure 4I).
Surprisingly, while IL-4 was able to induce M2 macrophage polari-
zation in BMDMs in both genotypes, we did not observe a difference in
the degree of polarization (P > 0.05; Figure 4I). Whether there is
specificity in the priming of HSC-derived monocytes or the differences
in differentiation protocol between BMDCs and BMDMs overrode any
inherent bias remains unclear. Overall, our results support the hy-
pothesis that GPR65 deficiency in immune cells polarizes them to-
wards an anti-inflammatory state.
Figure 5: GPR65 deletion in hematopoietic cells improves insulin sensitivity in HFD-
WT C57BL/6 mice, creating myeloid-specific GPR65 KO mice. Mice were then fed HFD fo
hyperinsulinemic-euglycemic clamp. C) Glucose infusion rate, D) glucose disposal rate, E)
Data is presented as means � SEM (n ¼ 8e9/group) (*P < 0.05).
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3.5. GPR65 deletion in hematopoietic cells causes improved insulin
sensitivity
Given that GPR65 is primarily expressed in immune cells and the
observed anti-inflammatory phenotype of GPR65 deficiency, to confirm
that myeloid cells are the primary contributor to improved insulin
sensitivity in GPR65 KO animals, we used an adoptive transfer
approach to transplant bone marrow from either GPR65 KO or WT
donor animals to irradiated WT recipients, thereby creating a he-
matopoietic lineage-specific GPR65 KO mouse. We saw no difference
in insulin sensitivity in recipient chow-fed mice that received a bone
marrow transplant (BMT) from either GPR65 KO mice or WT littermates
(P > 0.05; Supp Fig. 1AeD). However, In line with HFD-fed whole-
body GPR65 KO mice, recipient mice with BMT from GPR65-KO mice
(GPR65 KOBMT) mice showed improved glucose tolerance compared
with those with BMT from wildtype mice (WTBMT) in OGTTs (P < 0.05;
Figure 5A), as well as significantly lower fasting insulin levels
(P< 0.05; Figure 4B) after HFD feeding. To further assess whole-body
fed mice. Bone marrow from GPR65 KO mice or WT littermates was transplanted into
r 16 weeks. A) Oral glucose tolerance test, B) fasting insulin. Mice then underwent a
insulin-stimulated glucose disposal rate, F) suppression of hepatic glucose production.
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insulin sensitivity, we performed hyperinsulinemic-euglycemic clamp
studies to evaluate glucose homeostasis in these mice. Consistent with
earlier data using global GPR65 KOs, the GIR required to maintain
euglycemia was significantly higher in GPR65 KOBMT animals,
compared to WTBMT (P < 0.05; Figure 5C). Similarly, IS-GDR was
elevated and HGP depressed in GPR65 KOBMT mice compared to
WTBMT, suggesting enhanced insulin sensitivity in liver and skeletal
muscle (P < 0.05; Figure 5E,F). These results demonstrate GPR65
deficiency in cells of myeloid lineage confers whole-body insulin
sensitivity in mice on an HFD.

4. DISCUSSION

Obesity-associated insulin resistance in metabolic tissues such as fat,
liver, and skeletal muscle is now recognized to be the result of a
confluence of metabolic dysfunctions. However, among these
contributing factors, chronic low-grade chronic inflammation incited by
immune cell infiltration e particularly in the adipose tissue, is
considered to be a key contributor in the development of whole-body
insulin resistance [2e4]. Several members of the innate and adaptive
immune system such as neutrophils, T regulatory cells, mast cells,
eosinophils, and macrophages have been detected in the adipose
tissue and shown to play a role in inflammation and insulin resistance
(reviewed elsewhere, [40,41]). Among these immune cell populations,
macrophages are the primary effector cells causing metabolic
dysfunction [4]. Here, we investigated the role of GPR65, a proton/pH
sensor that is primarily expressed in immune cells, in modulating in-
flammatory responses and multi-tissue insulin sensitivity.
Notably, in human AT, GPR65 expression was elevated in both
metabolically healthy and unhealthy subjects with obesity, and nega-
tively correlated to muscular and hepatic insulin sensitivity, suggesting
that GPR65 influences multi-organ insulin sensitivity under states of
metabolic distress. GWAS studies have identified the association be-
tween GPR65 variants and a variety of inflammatory diseases such as
multiple sclerosis [42], IBD [43e45], ankylosing spondylitis [46] and
atopic dermatitis [47]. Indeed, in IBD patients biopsies from inflamed
tissues compared to non-inflamed tissues show elevated GPR65
expression [48] which is likely linked to the degree of macrophage
infiltration where GPR65 is highly expressed. Similarly, people
suffering from the chronic spinal inflammatory disease ankylosing
spondylitis exhibit elevated spinal GPR65 expression and GPR65-
positive cells display elevated levels of IFN-g and TNFa [49]. GPR65
expression is also elevated in patients suffering from early pregnancy
loss, where GPR65 modulates the activity of extravillous trophoblasts
during placental development when the uterine endometrium becomes
acidic and hypoxic [50]. More recently, elevated GPR65 expression has
been linked to tumoral size in patients with obesity and is positively
correlated with tumoral burden [51]. Elevated GPR65 expression is
seen particularly in gliomas [52], where it is positively correlated to
pathological grade and shortened patient survival [53]. This association
with cancer is significant, as macrophages often constitute the largest
infiltrating immune population in solid tumors [54], and tumoral lactic
acid production and acidity is a hallmark of cancer [55]. This also
explains the high association between GPR65 and Glioma, where
acidity is a common feature [56], and change in intratumoral pH has
been proposed as a physiological readout of therapeutic response [57].
Our observation of elevated GPR65 expression in the AT of patients
with obesity is in line with these reports, as excessive AT expansion
[58], like aforementioned disease states, is associated with significant
macrophage infiltration and immune dysfunction. Importantly, in-
creases in inflammatory tone are directly linked to insulin resistance
MOLECULAR METABOLISM 97 (2025) 102169 � 2025 Merck Research Labs. Published by Elsevier GmbH. This is an o
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[59,60], and muscular and hepatic insulin resistance increased with AT
GPR65 expression in our MUO patient cohort. These observations in
humans are correlated with the fact that HFD-fed whole-body GPR65
KO mice exhibited enhanced muscular and hepatic insulin sensitivity
compared to WT littermates during a hyperinsulinemic-euglycemic
clamp. In the liver, this improvement was likely mediated by
enhanced mitochondrial oxidative phosphorylation, as evidenced by
increased mRNA expression of mitochondrial maintenance and
biogenesis genes, thermogenic genes, and Complex I and Complex IV
activity. In line with this, we also observed concomitant rises in NADH/
NADþ ratio and ATP production. These improvements in metabolic
capacity also explain the observed increase in palmitic acid oxidation,
and the reduction in liver fat content in GPR65 KO animals. Interest-
ingly, GPR65 expression has been shown to influence lipid droplet
turnover in other cells via regulation of lysosomal function [61]. How
autophagy is impacted in our model may be an interesting area for
future investigation. Notably, of any organ, the liver has the largest
proportion of its non-parenchymal cell population consisting of im-
mune cells (w20e35%), and resident Kupffer cells are polarized
toward an M1 phenotype during obesity [6]. HFD feeding has also been
shown to induce a 6-fold increase in monocyte-derived macrophage
levels in the livers of obese mice, and hepatic inflammation is directly
linked to insulin resistance [6]. Moreover, lipotoxicity and inflammation
in the liver are associated with impairments in mitochondrial oxidative
phosphorylation [62]. Thus, we propose that the anti-inflammatory
effects of GPR65 KO are responsible for the improved hepatic meta-
bolic phenotype in our model.
This is in line with our observation that GPR65 KO suppresses LPS-
induced NF-kB, MAPK, and JNK signaling in BMDCs. Recently, he-
patic GPR65 signaling has been further associated with metabolic
dysfunction, as its expression is elevated in the livers of obese mice
and humans with hepatocellular carcinoma, and liver tumor mass was
reduced in HFD-fed GPR65 KO mice but not their chow-fed controls
[63]. Similarly, others have shown that GPR65 KO suppresses hepatic
JNK and NF-kB expression, leading to improvements in inflammation
and fibrosis [64].
To our knowledge, we are the first to demonstrate a role for GPR65 in
modulating insulin sensitivity in skeletal muscle, wherein, we were
able to observe an inverse correlation between AT GPR65 expression
and muscular glucose disposal rate in humans. This novel observa-
tion that elevated GPR65 expression suppresses muscular insulin
sensitivity was recapitulated in our GPR65 KO mouse model, where
an acute insulin challenge caused significantly greater phosphoryla-
tion of muscular Akt in HFD-fed GPR65 KO mice compared to WT
littermates. Consistent with our MHL human cohort where AT GPR65
expression was lowest, these GPR65 KO mice demonstrated mark-
edly higher IS-GDR during hyperinsulinemic-euglycemic clamp, the
gold standard for measuring muscular insulin sensitivity. As with the
liver, we hypothesize that this improvement is largely driven by
reduced inflammatory tone and macrophage infiltration, and is
consistent with human single cell RNAseq data, where GPR65
expression in muscle is largely limited to T-cells and macrophages
(gene data available from v24.0. www.proteinatlas.org, [65]). In
people with obesity, there is elevated intra-muscular adipose tissue
(IMAT) which becomes inflamed and infiltrated by immune cells
similar to white AT [66]. This infiltration contributes to localized
hypoxia, shifting resident myocytes towards anaerobic glycolysis,
resulting in lactate buildup in the extracellular space, and acidifying
the tissue. Decreased pH itself has been shown to cause impaired
insulin receptor phosphorylation [67] and PI3K activity in cultured
myoblasts [68], and there is an increased interconversion of pyruvate
pen access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 11

https://www.proteinatlas.org
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com


Original Article
to lactate in muscles of T2D individuals [69] making the tissue
susceptible to lowered pH.
GPR65 deficiency in our model may reduce immune cell infiltration into
muscle, decrease local oxidative demands, and possibly preserve
oxidative phosphorylation, which reduces lactate production and ulti-
mately maintains homeostatic extracellular pH. This hypothesis is in
line with our observation that GPR65 KO significantly attenuated
macrophage chemotaxis towards adipocyte conditioned medium and
reduced circulating chemoattractant cytokines such as MIP-1b and
CCL5. In addition, GPR65 KO may also prevent pro-inflammatory po-
larization of resident muscle macrophages during obesity, mitigating
extravasation of fluid into the muscle which would impair oxygen
diffusion to myocytes and promote glycolysis. Correspondingly, the
muscle of obese Zucker rats has been shown to have a 30e50%
increase in albumin content due to extravasation [70], and forced
expression of GPR65 in macrophages has been associated with “M1”
macrophage polarization and TNFa and IL-6 secretion [64].
Conversely, GPR65 KO in our model reduced AT expression of M1
macrophage markers, increased AT expression of M2 macrophage
markers, and promoted BMDCs to polarize towards an anti-
inflammatory phenotype in vitro. Future studies in immunocompro-
mised mice or in MCP-1 KO mice which lack macrophage infiltration
into the muscle upon HFD feeding [71] could confirm this hypothesis.
However, chow-fed lean mice which received a BMT from GPR65 KO
mice or WT littermates showed no variance in insulin sensitivity during
hyperinsulinemic-euglycemic clamp. Thus, it is likely that the effects
observed here in obese skeletal muscle are driven by intramuscular
macrophage accumulation and altered inflammatory tone.
Interestingly, while our data indicates that GPR65 is a pro-inflammatory
immune modulator in HFD-induced obesity, there are reports which
contradict this finding. Namely, Mogi et al. reported that LPS-induced
TNFa secretion was diminished under conditions of extracellular acid-
ification mediated by GPR65 [10]. Similarly, Onozawa et al. observed
that pharmacological stimulation of GPR65 with an agonist suppressed
LPS-induced TNFa and IL-6 secretion in intraperitoneal macrophages
(IP-Macs), while increasing IL-10 secretion [72]. This discordance may
be explained by the largely “sterile” andmultifactorial nature of the HFD-
induced inflammatory microenvironment of our model, whereas
inflammation was induced solely via the bacterial byproduct, LPS, in
others’ experiments. Alternatively, the temporal differences in inflam-
mation may explain the differing results. IP-Macs in other studies were
stimulated acutely, whereas inflammatory tone in our experiments is
instigated by long-term HFD feeding, which may have desensitized any
acute beneficial effects of GPR65. That said, mice expressing the loss-
of-function GPR65 variant I231L have defects in Th17 and Th22 dif-
ferentiation, leading to dysregulated cytokine secretion and an inherent
susceptibility to T-cell-driven colitis [73]. However, conditional knockout
of GPR65 in CD4þ T-cells ameliorated trinitrobenzene sulfonic acid-
induced colitis in mice by reducing infiltration of not only CD4þ T-
cells but also neutrophils and macrophages [19]. Thus, the effects of
GPR65 signaling are largely context dependent, and may differ between
metabolically healthy and unhealthy states. This is in line with our
observation that GPR65 expression is upregulated in the AT of humans
under states of metabolic distress, and a recent report that GPR65
expression is elevated in the hepatic macrophages of human andmouse
fibrotic livers [64]. Together the data suggest that care should be taken
to consider not just metabolic milieu but also tissue-specific pleiotropic
effects of GPR65 inhibition when considering it as a potential
therapeutic.
Reductions in the mRNA expression of the downstream pro-
inflammatory genes such as Il1b, Il6, and Tnf in GPR65 KO mice led
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to reductions in circulating proinflammatory cytokines such as TNFa, IL-
6, and IL-12. TNFa alone has been shown to interfere with insulin
signaling through TNFR activation and serine phosphorylation of insulin
receptor substrate (IRS)-1 [74]. Similarly, IL-6 has been shown to
induce the expression of suppressor of cytokine signaling (SOCS)3,
which interferes with tyrosine phosphorylation of the insulin receptor
and IRS-1 [75]. In line with this reduction in pro-inflammatory tone,
BMDCs derived from GPR65 KO mice had significantly greater STAT6
phosphorylation after treatment with the M2-polarizing cytokine IL-4,
suggesting that they’re primed towards an anti-inflammatory pheno-
type. Importantly, M2 macrophages have been shown to maintain in-
sulin sensitivity by secreting factors that prevent immune infiltration in
tissue and preserve insulin action even during diet-induced obesity
[6,76].
Collectively, our data indicates that the primary cause of insulin
sensitization in GPR65 KO mice resides in altered immune cell activity.
Wherein, GPR65 KO prevents the inflammatory polarization of mac-
rophages in tissues that become metabolically acidified during obesity
such as AT, liver, and muscle; thereby preventing the accretion of
macrophage-derived inflammatory cytokines that promote insulin
resistance. This is substantiated by the fact that HFD-fed WT mice
receiving a BMT from GPR56 KO mice exhibited lower fasting circu-
lating insulin and glucose, and significantly reduced blood glucose
during OGTT. Moreover, during hyperinsulinemic-euglycemic clamp,
GPR65BMT mice required a significantly greater GIR, with a nearly 4-
fold reduction in HGP compared to WTBMT mice. This underscores
the possible role of GPR65 in dysregulating immune cell function
during HFD-induced obesity. Critically, others have also demonstrated
that the protective effects of GPR65 KO are mediated by immune cell
modulation, as BMT from GPR65 KO mice similarly attenuated CCl4-
induced hepatic inflammation and fibrosis [64].
Currently, there is great interest and ongoing discovery in the field of
obesity and cardiometabolic disease. In particular, glucagon-like
peptide (GLP)-1 receptor agonism (GLP-1RA) has demonstrated su-
perior efficacy in both improving insulin sensitivity and inducing body
weight loss [77]. GPR65 receptor antagonism may provide an
orthogonal therapy for a subset of individuals where weight loss alone
may not entirely resolve immune-associated metabolic dysfunction.
For example, GPR65 receptor antagonism has recently been proposed
as a therapeutic for IBD due to its role in directing immune cell dif-
ferentiation toward pro-inflammatory Th1 and Th17 cells [19]. While
GLP-1R agonists have been shown to be safe and tolerable in patients
with IBD [78] and lower the risk of colectomy in IBD outcomes they do
not reduce the risk of oral steroid use or advanced therapy initiation
[79]. Similarly, others have shown no significant improvement in IBD-
related hospitalizations in patients on GLP-1RA [80]. Thus, there is still
an unmet therapeutic need in this obese subset of patients. That said,
it is again important to contextualize GPR65 activation and inhibition,
as missense coding variants of GPR65 are associated with IBD
development and GPR65 KO in mice impairs bacterial phagocytosis
and activates the NLRP3 inflammasome [48]. Thus, while GPR65
monotherapy may have off-target effects, co-treatment with a GLP-
1RA may be beneficial as its anti-inflammatory actions have been
shown to reduce inflammasome activation [81,82].
GPR65 therapy may also be beneficial in other inflammatory disorders
associated with obesity such as osteoarthritis [83,84], metabolic
dysfunction-associated steatohepatitis (MASH) [64], and atheroscle-
rotic cardiovascular disease. Atherosclerosis particularly presents a
significant health burden which is incompletely addressed by GLP-1RA
treatment. Notably, GPR65 expression is elevated in the atherosclerotic
plaques of ApoE KO mice, and silencing of GPR65 mitigated the
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phenotypic transformation and migration of vascular smooth muscle
cells [85]. Therefore, while GPR65 antagonism has demonstrated clear
insulin sensitizing effects, its therapeutic potential as an immuno-
modulatory agent is not limited to glucose normalization.

5. CONCLUSIONS

Together, we here demonstrate that during HFD-induced obesity
GPR65 plays a pro-inflammatory role contributing to the development
of insulin resistance. We also demonstrate that GPR65 KO improves
global insulin sensitivity in an immune-dependent manner, by
ameliorating pro-inflammatory signaling, macrophage infiltration, and
polarizing immune cells towards an anti-inflammatory “M2” pheno-
type. These data disclose the therapeutic potential of targeting GPR65
to ameliorate inflammation and insulin resistance in obesity.
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