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Abstract

Objective -—We have identified GPR75 as the high affinity receptor of 20-
hydroxyeicosatetraenoic acid (20-HETE), a vasoactive and pro-inflammatory lipid, and reported
that mice overproducing 20-HETE develop insulin resistance when fed a high-fat diet (HFD),
which was prevented by a 20-HETE receptor blocker. Simultaneously, a large-scale exome
sequencing of 640,000 subjects identified association between loss of function GPR75 variants
and protection against obesity.

Methods —Wild type and Gpr75-deficient mice were placed on HFD for 14 weeks and their
obese phenotype was examined.

Results -—Male and female Gpr75null (KO) and heterozygous (HET) mice gained less
weight than wild type (WT) when placed on HFD. KO mice maintained the same level of
energy expenditures during HFD feeding, while WT showed a significant reduction in energy
expenditure. Diet-driven adiposity and adipocyte hypertrophy were greatly lessened in Gpr75
deficient mice. HFD-fed KO mice did not develop insulin resistance. Adipose tissues from
Gpr75-deficient mice had increased expression of thermogenic genes and decreased levels of
inflammatory markers. Moreover, insulin signaling which was impaired in HFD-fed WT was
unchanged in KO mice.
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Conclusions -—These findings suggest that GPR75 is an important player in the control of
metabolism and glucose homeostasis and a likely novel therapeutic target to combat obesity-driven
metabolic disorders.
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INTRODUCTION

Obesity (BMI = 30) is linked to several prevalent and costly medical conditions including
type 2 diabetes, hypertension, coronary heart disease, stroke and liver disease as well as
increased disability and mortality. According to the CDC, from 2000 through 2018, the
prevalence of obesity increased from 30.5% to 42.4%, whereas that of severe obesity

(BMI = 40) went from 4.7% to 9.2%. Obesity affects more than 80 million people and

is expected to increase to over 50% of the US population by 2030 (https://www.cdc.gov/
nchs/products/databriefs/db360.htm). Likewise, worldwide obesity has tripled since 1975.
(https://www.who.int/news-room/fact-sheets/detail/obesity-and-overweight). Obesity is a
highly polygenic and complex disorder resulting from the interactions between genes
regulating food intake and energy expenditure with environmental and behavioral factors.
It is estimated that up to 40% of variation in BMI can be explained by genetic factors. We
have recently added to the long list of obesity genes, the orphan G-protein coupled receptor
75 (GPR75). A recent scientific consortium including our group uncovered several loss of
function GPR75 variants associated with leanness and protection from obesity. This finding
matches results from Gpr75 null mice which are protected from high-fat diet (HFD)-driven
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adiposity and insulin resistance (1). The mechanisms underlying the contribution of GPR75
to obesity and associated pathologies are unknown.

GPR75 is currently classified as a class A orphan receptor that preferentially couples with
Gqa.. There are a few studies suggesting that the chemokine CCLS5 activates GPR75 via

a Gqa protein-coupled PLC-mediated signal transduction pathway in cells overexpressing
GPR75, pancreatic islets and neuroblastoma cell lines (2-4). However, no direct binding
studies between CCL5 and GPR75 were documented in those studies and the pairing could
not be repeated in a B-arrestin assay (5, 6). A recent study from our laboratory identified
GPR75 as the receptor to which 20-hydroxyeicosatetraenoic acid (20-HETE), a bioactive
lipid mediator formed by cytochrome P450 (CYP) monooxygenases, binds, and triggers its
actions (7). We further provided strong evidence for high affinity binding of 20-HETE to
GPR75 and the activation of GPR75(Gq) signaling by 20-HETE including stimulation of
intracellular Ca* accumulation and B-arrestin recruitment; all of which were negated by
20-HETE receptor blockers (8). Moreover, we showed that CCL5 binds to GPR75 but fails
to activate its signaling. However, it blocked 20-HETE-mediated GPR75 activation (8).

Regarding obesity, plasma and tissue 20-HETE levels increased in animal models of obesity
and metabolic syndrome and strongly correlated with BMI in humans (9-15). 20-HETE
stimulates lipid accumulation during adipogenesis /n vitro (16), and a role of 20-HETE in
the pathogenesis of diabetes has been suggested (17, 18). We and others have shown that
20-HETE impairs insulin receptor signaling (19-21) and that overexpression of 20-HETE
synthases (CYP4A12, CYP4F2) in mice is associated with exacerbated diet-driven weight
gain, hyperglycemia and insulin resistance (20-22). Furthermore, using 20-HETE receptor
blockers, we demonstrated causal relationships between 20-HETE and insulin resistance in
HFD-driven obesity, and between 20-HETE levels and impaired insulin signaling in adipose
tissue, skeletal muscles and liver (20, 21). In all, these studies suggest that 20-HETE-GPR75
pairing is the underlying mechanism of 20-HETE’s contribution to obesity and its associated
pathologies. The present study was undertaken to fully characterize the metabolic phenotype
of Gpr75null mice when fed HFD and explore potential mechanisms by which GPR75
activation links to increased adiposity and decreased insulin sensitivity.

METHODS

All experimental protocols were approved by the Institutional Animal Care and Use
Committee in accordance with the National Institutes of Health Guidelines for the Care and
Use of Laboratory Animals. Gpr75null mice were generated by Regeneron Pharmaceuticals
using the VelociMouse technology (1). Male and female Gpr75 null (KO), heterozygous
(HET) and wild type (WT) mice were housed in static cages at room temperature (20-22°C)
with free access to food and water. Mice were randomly distributed into two experimental
groups of diet feeding: 1) regular chow/control diet (CD); and 2) HFD. The experimental
protocol is depicted in Figure S1.

Assessment of Energy Intake.

Mice were housed in groups of 2—4. HFD and chow diets were provided as pellets once
a week. Energy intake was calculated by subtracting the amount of food leftover on any
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given week from the amount of food given the previous week. This value was divided by
the number of animals per cage. The amount of food (in grams) was then multiplied by the
kcal/gram obtained from the manufacturer. The results were presented as Kcal consumed.

Assessment of Energy Expenditure.

Oxylet gas analyzer and airflow unit (Oxylet; Panlab-Bioseb, Vitrolles, France) was used
for the measurement of oxygen consumption (Vo,) and carbon dioxide production (Vco,).
Mice were acclimated for 1 h daily for a week before measurements. The data for Vo,

are expressed as consumed volume of oxygen per minute per kilogram body weight
(ml-min~l.kg™1).

Micro-Computed Tomography (microCT) Scanning and Analysis.

Whole body microCT scans were obtained from mice anesthetized with isoflurane using

the Quantum GX2 microCT imaging system (PerkinElmer Inc). Settings were optimized for
body composition and CT scans were acquired for 6 minutes and analyzed using Analyze
14.0 software (AnalyzeDirect). Fat was isolated for analysis by density threshold. Separation
of visceral and subcutaneous fat was done by sequential manual tracing of coronal slices in
2D, every 7 slices for the length of the ROI. Regions of similar density to fat were excluded
using the same method to remove air within the lungs and equipment artifacts. The 3D
sections were then reconstructed and processed to quantify volume. Fat free volume was
calculated by subtracting total fat volume from total body volume (total body volume —
(visceral fat volume + subcutaneous fat volume).

Seahorse.
Frozen brown adipose tissue (BAT) samples were homogenized in 1X mitochondrial
assay buffer (MAS) and mitochondrial extracts were prepared by sequential centrifugation.
Mitochondrial extract (20 pg) was loaded into XFe 24 cell micro plate and centrifuged at
2,000xg for 20 minutes at 4°C. ADP (50 mmol/L); oligomycin (50 pmol/L); FCCP (50
umol/L); antimycin A/rotenone (100 pmol/L/20 umol/L) were prepared in 1X MAS buffer.
Data is presented as fold-change from baseline respiration.

Statistical Analysis.

Statistical comparisons were performed using ANOVA and post-foc Tukey’s test using
Graph Pad Prism version 9.2.0 software. P<0.05 was considered to be significant. Energy
expenditure data were also processed to analyze group and body size effects using
ANCOVA. Figures are presented as dot plots indicating individual values with the mean
and standard error of the mean (SEM).

A detailed description of methods and statistical analysis is included in a Supplementary File

RESULTS

Characterization of Gpr75 null mice

Gpr75-deficient mice were viable and morphologically normal (1). Gpr75 expression levels
were undetectable in visceral fat from KO mice (Figure S2A) regardless of diet, while
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expression levels of Cyp4ai2, the murine 20-HETE synthase and major source for the
GPR75 high-affinity ligand (8), were not different among the genotypes when fed chow

diet but showed increases in response to HFD-feeding (Figure S2B). Plasma 20-HETE
levels, which increased in response to HFD feeding (20, 21), did not differ among the
genotypes (Figure S2C). On the other hand, plasma levels of CCL5, a reported low-affinity
GPR75 ligand (8), were higher in HFD-fed WT mice compared to KO mice (Figure

S2D). Importantly, blood pressure at baseline was similar in all genotypes. However, the
increase in blood pressure associated with weight gain and 20-HETE-GPR75 pairing (7) was
significantly attenuated in Gpr75-deficient mice (Figure S2E-F).

Gpr75 deletion attenuates HFD-driven weight gain

The initial body weights of all genotypes were comparable averaging 20.71+1.27 and
18.45+1.68 grams for males and females, respectively. Regular chow diet feeding for

14 weeks showed that all three genotypes gained similar amounts of weight averaging
5.74+0.12 and 5.16+0.13 grams for males and females respectively (Figure S3A-B).
However, after 14 weeks of HFD feeding, each genotype diverged in weight accumulation,
with male and female mice showing a similar degree of weight gain within all three
genotypes, indicating an allele-dependent rate of weight gain (Figure 1A-B). Male WT
mice more than doubled their weight (2.46-fold), while corresponding HET and KO mice
added about 85% and 65% to their weight, respectively (Figure 1C). This pattern of weight
gain was similar in female mice albeit the difference between the genotypes was more
pronounced. Whereas female WT mice doubled their weight after HFD feeding, the HET
and KO added only 50% and 14% to their weight, respectively, (Figure 1B and D).

Energy intake during HFD feeding was not significantly different between the genotypes of
both sexes (Figure 1E-F; Figure S4). However, energy expenditure (EE) reduced by 25%

in male and female WT animals after HFD-feeding and remained unchanged in KO mice

in response to HFD-feeding regardless of sex (Figure 1G—H). Whereas EE reduced in male
HET mice, it remained unchanged in female HET (Figure 1H). When placed on CD for 14
weeks, male and female WT, HET and KO mice showed no differences in weight gain, total
energy intake or EE (Figure S3). Importantly, EE analyzed by ANCOVA using body weight
or the volume of fat free tissue as covariates suggested that the differences in EE in response
to HFD feeding are due to the genotype (Figures S5A and S5B). Regarding the decreased
EE in WT, while it might be assumed that the newly acquired fat mass (vide infra) should
increase energy expenditure, the increase in inflammatory myokines may negatively affect
the bioenergetics of white adipose tissue. Hence, it is plausible that WT animals can gain fat
mass, have stable, albeit dysfunctional, fat-free mass, and a drop in energy expenditure.

Gpr75 deletion reduces adiposity and adipocyte hypertrophy in response to HFD

Assessment of adipose tissue volume by microCT showed striking differences between the
genotypes which were more prominent in female mice (Figure 2A-B). In male WT, the
volume of visceral (VAT) and subcutaneous (SAT) adipose tissues increased by 9- and 12-
fold in response to HFD feeding, respectively, whereas the increase in HET and especially in
KO was largely attenuated compared to WT (Figure 2C-D). Similarly, VAT and SAT volume
increased in HFD-fed female WT mice by 10 and 18-fold, respectively. In contrast, HET
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female mice displayed attenuated increases amounting to 50% of that seen in WT, whereas
VAT and SAT volume in female KO mice was largely unchanged (Figure 2E-F). Assessment
of fat-free volume indicated no differences between WT and KO (Figure S6) which suggests
that the increase in weight was primary due to increased fat volume.

Adipose tissue morphology also showed striking differences between WT and Gpr75
deficient mice. At baseline, all three genotypes showed similarities in adipocyte size in
both males and females (Figure S7). However, following HFD feeding, adipocyte size from
VAT and SAT of WT mice markedly increased, while adipocyte morphology from KO
mice was largely unchanged (Figure 3A). Adipocyte size in VAT and SAT showed 3-fold
increases in WT and no significant changes in KO mice (Figure 3B-E). Similarly, the

size of VAT and SAT adipocytes from HFD-fed HET mice (not shown) was smaller than
corresponding WT mice but significantly larger than corresponding KO mice, indicating
allele-dependent protection from adipocyte hypertrophy. Histological sections of brown
adipose tissue (BAT) showed striking morphological differences between WT and KO in
response to HFD feeding; in WT, BAT contains large lipid droplets which in KO mice were
much smaller and fewer in number for KO mice (Figure 3A).

Gpr75 deletion prevents HFD-driven hyperglycemia and insulin resistance

All genotypes showed the same levels of fasting blood glucose (FBS) at baseline (WT, HET
and KO, respectively, 11947, 120+7 and 1259 mg/dL in male and 10243, 99+3 and 100+3
mg/dL in female). In males, FBS significantly increased in all genotypes at weeks 7 and 14
of HFD feeding, although the increases were attenuated in HET and significantly so in KO
mice; FBS levels after 14 weeks of HFD feeding were 232+7, 195+7 and 172+6 mg/dL for
WT, HET and KO, respectively (Figures 4A and S10A). In females, WT and HET showed
similar increases; however, KO mice experienced no hyperglycemia in response to HFD;
FBS levels after HFD feeding were 167+4, 12945 and 109+2 mg/dL for WT, HET and KO,
respectively (Figures 4B and S10B).

To assess the ability to metabolize glucose, GTT was performed during HFD feeding.
HFD-fed male and female WT mice showed a significant impairment of glucose tolerance
(Figure S8). Assessment of area under the curve (AUC) clearly indicate the development of
insulin resistance in both male and female WT mice (Figure 4C-D). Impairment in glucose
tolerance was also seen in male and female HET and KO mice, although it was significantly
attenuated in allele-dependent manner compared to WT mice (Figure 4C-D; Figures S8 and
S10C-D). Insulin tolerance test showed a similar pattern. Impairment in glucose metabolism
in response to insulin challenge was evident in both male and female WT mice and was
largely absent in male and female HET and KO mice (Figure 4E-F; Figures S9 and S10E—
F).

Plasma insulin, leptin and adiponectin were unchanged in all genotypes in response to CD
feeding (Figure 5A—-C). However, in response to HFD, levels of insulin and leptin in WT
mice rose by 6- and 31-fold, respectively. Interestingly, in HET and KO mice the increase
was attenuated in an allele-dependent manner. In HFD-fed HET, insulin and leptin rose by
2- and 14-fold, respectively, whereas in HFD-fed KO the increase amounted to 2- and 6-fold
compared to corresponding mice on control diet (Figure 5A-B). Adiponectin levels were
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higher in HFD-fed HET and KO by 51 and 58%, respectively, compared to corresponding
mice on control diet and WT mice on HFD (Figure 5C). Resistin, which has been shown
to increase in HFD-fed mice and correlate with the development of insulin resistance (23),
also showed increased plasma levels in WT and HET but not in KO mice (Figure 5D).
Likewise, levels of plasminogen activator inhibitor-1 (PAI-1) which has been characterized
as a functional biomarker of metabolic syndrome (24) (25) displayed a 2-fold increase in
response to HFD in WT but not in HET or KO mice (Figure 5E)

Measurements of HOMA-IR and leptin to adiponectin ratio (LAR), commonly used indices
of insulin sensitivity (26), further indicated that Gpr75 deficiency protects against the
development of insulin resistance. Hence, HFD-fed WT mice displayed 3.5- and 7-fold
higher HOMA-IR and LAR values than HFD-fed HET and KO mice (Figure 5F-G).

Gpr75 deletion increases expression of thermogenic genes while reducing HFD-driven
inflammatory markers

Assessment of inflammatory genes and markers of mitochondria thermogenesis in VAT
suggests that global Gpr75 deletion negated HFD-driven inflammation while increasing
thermogenesis. As seen in Figure 6A-C, in VAT from HFD-fed WT mice mRNA levels of
1I-6, Tnfa and Ccl5increased by 1.5-2-fold when compared to corresponding WT mice on
CD. The increase in inflammatory gene expression was largely absent in HFD-fed KO mice
(Figure 6A-C). Interestingly, the expression of //-6, Tnfa and Cc/5in 14-week CD-fed KO
mice was significantly lower (p<0.001; Figure 6A—C) than corresponding WT, suggesting
that Gpr75 deficiency lowers the inflammatory milieu in visceral adipose tissue. Similar
patterns were seen in SAT and BAT. Hence, levels of 7nfa mRNA increased by 2- and
6-fold in SAT and BAT of HFD-fed WT and was unchanged in HFD-fed KO (Figure 61 and
6L). It should be noted that at baseline, adipose tissue expression of inflammatory markers
such as TNFa was not different among the genotypes (Figure S11A-C).

The expression of Pgcla, a transcription factor and master regulator of mitochondrial
biogenesis and insulin sensitivity which plays a critical role in the regulation of adipogenesis
and in transforming WAT to brown fat-like adipocytes (27), significantly decreased in VAT
(Figure 6D), but not in SAT and BAT, from HFD-fed WT mice (Figures 6G and 6J). In

KO mice, the levels of PgcZa mRNA in all adipose tissues were not significantly altered in
response to HFD (Figure 6D), but in SAT and BAT the levels were significantly higher than
the corresponding HFD-fed WT (Figures 6G and J).

We also measured expression of Ucp (uncoupling protein 1), a thermogenic gene and a
marker of BAT (28). At baseline, UcpI expression was higher in KO adipose tissues than
in WT (Figure S11D-F). After control diet feeding, UcpI expression was 3—4-fold higher
in SAT and BAT from KO mice compared to WT mice (Figures 6H and 6K). In response
to HFD feeding, Ucp1 expression in adipose tissues from WT mice was not different from
control diet (Figures 6E, 6H and 6K). In contrast, HFD feeding caused significant changes
in KO adipose tissues; in VAT, Ucpl levels increased by 3-fold (Figure 6E), in SAT there
was a 50% decrease but the levels were still 4-fold higher than in corresponding WT
(Figure 6H), and in BAT Ucp1 levels, which after control diet feeding were 3-fold higher
compared to WT, were unchanged in response to HFD (Figure 6K). The expression of
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Prdm16, a transcriptional co-regulator and powerful inducer of the thermogenic phenotype
of adipocytes (29), was measured in VAT tissues. It appeared that Gpr75 deletion increased
expression; however, it did not reach significance (Figure 6F). The response to HFD
regarding the expression of these genes including Ucpl, Pgcla and Tnfa was similar in
males and females (Figure S12).

Western blot of UCP1 in BAT further indicated that the increase in UcpZ mRNA levels
was associated with increased protein levels (Figure 7A). Moreover, assessment of BAT
mitochondria function display significantly higher maximal respiration in response to ADP
compared to mitochondria from WT BAT (Figure 7B), supporting, at least in part, the
notion of increased thermogenic processes in KO mice when compared to WT mice under
conditions of HFD feeding. In all, these results suggest that Gpr75 deletion alters the
characteristics of the HFD-driven adipose tissue phenotype, lowering the inflammatory
milieu and favoring the reprogramming of white to beige (brown-like) adipose tissue (30).
This notion of browning is taken carefully given the fact that the entire study was done in
room temperature and not under conditions of thermoneutrality.

Gpr75 deletion prevents HFD-mediated impairment in insulin signaling

We previously showed that 20-HETE, via activation of GPR75, inhibits insulin-mediated
receptor phosphorylation at tyrosine 972, a key step in insulin-stimulated glucose uptake
that has been shown to decrease in response to HFD in insulin-targeted tissues (20). In
skeletal muscle, a prime insulin target, levels of Gpr75 mRNA were undetectable in KO
mice and were reduced by 50% in HET compared to WT (Figure 8A). Interestingly,
expression of Ucp3, the uncoupling protein that is expressed in skeletal muscle and is
associated with protection against diet-induced insulin resistance (31) was higher (p<0.05)
in skeletal muscle from HFD-fed KO as compared to HFD-fed WT (Figure 8B). Moreover,
expression of Mfn1, marker of mitochondrial function, was higher (p<0.05) in skeletal
muscle from HFD-fed KO as compared to HFD-fed WT (Figure 8C). Lastly, the levels of
phosphorylated insulin receptor (tyrosine 972) as well as phosphorylated AKT (serine 473),
which is a primary target of activated insulin receptor, were elevated in skeletal muscle from
HFD-fed KO as compared to corresponding WT (Figure 8D and 8E-F), suggesting that
Gpr75 deletion preserves insulin signaling and actions in response to HFD.

DISCUSSION

The role of GPR75 in obesity and metabolic syndrome has become increasingly evident

(1). A recent report indicated that Gpr75 deficiency attenuates HFD-driven weight gain as

a result of reduced food intake (32). Surprisingly, our study suggests that Gpr75 deficiency
protects against diet-induced obesity through effects on metabolic energy expenditure, rather
than food intake. These differences may be due, at least in part, to differences in the

genetic background which is known to influence the phenotypes of mutant mice (33).
Hence, the genetic background of Gpr75null mice in the aforementioned report is C57BL/
6JX129SV whereas the mice in our study are on C57BI/6NTacXSW. Furthermore, we must
acknowledge that in both studies animals were housed at controlled room temperature (20—
24°C). Rodent metabolic studies may yield slightly different results at their thermoneutral
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zone (29-31°C). Nevertheless, both studies show robust data linking protection from HFD-
driven obesity in rodents. This protection was exemplified by attenuated hyperglycemia
and sustained insulin sensitivity in an allele-dependent manner throughout the course of
HFD feeding. While both male and female Gpr75-deficient mice showed similar trends

of protection, the phenotype of female KO mice was undoubtedly more pronounced. This
sex-difference merits further investigation.

Our data indicates that Gpr75null mice were no different from WT mice with respect to
body weight or body fat composition at baseline. However, HFD-feeding caused attenuated
weight gain in Gpr75-deficient mice compared to WT mice. The reduced weight gain
correlates with reduced volume in adipose depots, particularly in SAT and VVAT. Volume
increase in VAT and SAT of WT mice was characterized by adipocyte hypertrophy.
Moreover, BAT of WT mice shows enhanced lipid accumulation exemplified by large lipid
droplets after HFD-feeding. Remarkably, Gpr75-deficient mice showed only a 25% increase
in adipose volume and no indication of adipocyte hypertrophy or lipid accumulation. In fact,
the morphology of all adipose tissues of KO mice after HFD feeding was similar to that
observed at baseline and after CD feeding. These findings suggest that adipose tissues of KO
mice are protected from excess lipid accumulation.

In exploring possible mechanisms that may underlie the protection Gpr75 deletion affords
against HFD-driven adiposity and insulin resistance, we turned to the biology of the GPR75
putative ligands. Both 20-HETE and CCLS5 are potent inflammatory mediators. 20-HETE
has been shown to activate the NF-kB inflammatory program and stimulate the production
of cytokines and reactive oxygen species (34). It also stimulates neutrophil chemo-attraction
(35). Likewise, CCL5 promotes adipose tissue inflammation through the recruitment of
macrophages (36). Since inflammation is a key factor in the development of adiposity

and adipocyte dysfunction in obesity (37, 38), it is reasonable to assume that the pairing

of GPR75 with its ligands contributes to and promotes inflammation triggered by HFD.
Numerous studies have shown the detrimental effects of adipose tissue inflammation on lipid
handling. Expression of the proinflammatory cytokines //6and 7nfa in VAT and SAT of
WT animals shows a 2-6-fold increase after HFD-feeding. Remarkably, VAT, SAT, and BAT
of KO animals did not show significant increases in pro-inflammatory cytokine expression
after HFD-feeding. That adipocytes of HFD-fed KO mice are functionally healthier is also
inferred from the levels of two adipokines in the plasma; levels of adiponectin, a key
anti-inflammatory adipokine, were significantly higher, whereas levels of resistin, which
have been associated with insulin resistance, were lower in KO mice as compared to
corresponding WT.

While inflammation undoubtedly plays a key role in diet-induced obesity and adiposity,
studies have highlighted the connection between BAT energy expenditure and obesity. A
study by Ohno et al. (39) found that PPARy ligands, particularly PRDM16, induce a
brown fat gene program in subcutaneous white adipose to attenuate HFD-induced weight
gain. Although, gene analysis of VAT, SAT, and BAT did not show significant changes

in Prdm16between KO and WT mice after HFD-feeding, UcpI expression decreased
after HFD-feeding in WT animals in SAT and BAT. Surprisingly, UcpI expression was
significantly higher in SAT and BAT of KO animals compared to WT animals at baseline
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and was not significantly reduced due to HFD-feeding. VAT of KO animals did not show
any significant differences in UcplI expression compared to WT animals. This may indicate
that a UCP1-independent mechanism regulates thermogenesis in the VAT as is reported

by Ikeda et al. (40). Furthermore, while HFD-feeding drove decreases in Pgcla in WT
adipose tissue depots, SAT and BAT of KO mice were totally protected. This suggests that
mitochondrial function/homeostasis was maintained in the absence of Gpr75. Indeed, this
notion was further supported by the demonstration of higher respiration rate in isolated
mitochondria from BAT of HFD-fed KO compared to WT. 20-HETE has been shown to
impair mitochondrial function through mechanisms that need further investigation (41, 42).
However, it begs the question whether 20-HETE-mediated activation of GPR75 impacts
adipocyte metabolic status.

Numerous studies have linked impaired glucose handling of obese individuals to

alterations in insulin signaling. Goodyear et al. (43) reported that skeletal muscle

from obese individuals had decreased phosphorylation of the insulin receptor, insulin
receptor substrate-1, and phosphatidylinositol 3-kinase. Our data show that insulin receptor
phosphorylation in skeletal muscle was maintained in HET and KO mice but not in WT
mice after HFD-feeding. This correlates to reduced sensitivity to exogenous administration
of insulin. Previously we showed that 20-HETE inhibits insulin-mediated insulin receptor
phosphorylation in vitroand in vivo (20, 21). Moreover, treatment with 20-HETE

receptor (GPR75) blockers prevented the 20-HETE-mediated inhibition of insulin signaling,
suggesting that GPR75 is required for the 20-HETE effect (20). On the other hand, CCL5
has been shown to stimulate insulin secretion from beta-cells /in vitro (4). However, its
effect on insulin secretion /in vivo is unknown. We have shown that while 20-HETE is

a high-affinity ligand, CCL5 is a low affinity GPR75 ligand and its binding to GPR75
inhibits 20-HETE pairing with GPR75 (8). It is possible that during HFD, which induces
the expression of 20-HETE producing enzymes, the excess and ability of 20-HETE to bind
with high affinity overwhelmed the CCL5-GPR75 pairing. On the other hand, CCL5-GPR75
pairing may be the predominant interactions in beta cells and therefore may contribute to
the hyperinsulinemia seen in HFD-fed WT mice. Additional studies are necessary to dissect
the contribution of GPR75 and its ligands to the metabolic complications of obesity. Such
studies should be directed towards development of conditional Gpr75knockout mice in
targeting cells that contribute to the obese phenotype, e.g., beta cells and adipocytes.

While GPR75 has been identified as the high affinity 20-HETE receptor, others have
demonstrated that the free fatty acid receptor FFAR1 (GPR40) is also a target for 20-HETE.
Tunaru et al. (44), showed that 20-HETE binds to and activates GPR40 (albeit in much
lower affinity than to GPR75, uM vs nM), which functions as an autocrine feed-forward
regulator of glucose-stimulated insulin secretion. Although GPR40 is expressed primarily

in pancreatic B-cells (44), the possibility exists that GPR40 tissue distribution and levels

are altered/elevated in Gpr75-deficient mice, which may account for improved insulin
sensitivity. The functional relationship between these two receptors is unknown and requires
further investigation.

In summary, we provide strong evidence that GPR75 contributes to diet-induced adiposity
and insulin resistance, possibly by impairing mitochondria function and insulin signaling.

Obesity (Silver Spring). Author manuscript; available in PMC 2024 April 01.
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This is inferred from results showing that Gpr75-deficient mice are protected from HFD-
driven adiposity, hyperglycemia and insulin resistance. This is also deduced from the
bioactions of the putative GPR75 ligands, namely 20-HETE and CCL5, which are known
proinflammatory mediators having detrimental effects on mitochondrial function and insulin
signaling.
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What is already known about this subject?

The orphan G-protein-coupled receptor GPR75 has been identified as a novel
obesity gene and its putative high-affinity ligand, 20-hydroxyeicosatetraenoic
acid (20-HETE), is a pro-inflammatory and adipogenic lipid mediator.
Deletion of Gpr75in mice attenuates high fat-diet driven weight gain and
hyperglycemia.

What are the new findings?

Here we show that deletion of Gpr75in mice prevents diet-driven adiposity,
adipocyte hypertrophy and insulin resistance. We further provide evidence
that this protection is possibly accounted for by reduction of inflammation
and preservation of mitochondria function and insulin signaling.

How might the results change the direction of research or the focus of clinical
practice?

GPR75is a novel obesity gene whose mechanism of action is yet to

be explored. Its targeting may present a novel strategy to combat obesity-
driven cardiometabolic diseases. Understanding the mechanisms underlying
GPR75’s contribution to obesity is paramount to any drug development.
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Figure 1: Body weight, energy intake, and energy expenditure over 14-weeks of HFD.

Body weight trajectories for (A) male (n=8-11), and (B) female (n=7-8) WT, HET and KO
mice. Results are mean+SE; n=8-11/group; *p=0.05 from WT by unpaired T-Test. Change
in body weight from baseline after 14 weeks of HFD feeding for males (C) and females (D).
Total energy intake before and after HFD feeding for (E) male and (F) female WT, HET, and
KO mice. Energy expenditure (Kcal/day) at baseline and week 14 of HFD feeding for (G)
males and (H) females. Results are meanzSE, ns, not significant; **p<0.01, *** P<0.001
and ****p<0.0001 by two-way ANOVA with Tukey’s multiple comparison test.
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Figure 2: Visceral and subcutaneous fat pad composition over 14-weeks of HFD.
Representative MicroCT images of male (A) and female (B) WT, HET and KO mice at

weeks 0, 7 and 14 of HFD feeding (blue, visceral fat; purple, subcutaneous fat; scale bar
=20 mm). Visceral (VAT) and subcutaneous (SAT) fat volumes at baseline, week 7, and
week 14 for males (C-D) and females (E-F) WT, HET and KO mice. Results are mean+SE,
ns, not significant; **p<0.01, *** P<0.001 and ****p<0.0001 by two-way ANOVA with
Tukey’s multiple comparison test.
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Figure 3: Visceral, subcutaneous, and brown fat morphology after 14-weeks of HFD.
(A) Representative images of H&E staining in visceral (VAT), subcutaneous (SAT) and

brown (BAT) adipose tissues of HFD (14 weeks)-fed male and female WT and KO mice
(20X; scale bar = 110 um). Visceral adipocyte size at baseline and week 14 of HFD for
males (B) and females (C). Subcutaneous adipocyte size at baseline and week 14 of chow
diet or HFD for males (D) and females (E). Results are mean+SE (n=4); ns, not significant;
**p<0.01, *** P<0.001 and ****p<0.0001 by two-way ANOVA with Tukey’s multiple
comparison test.
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Figure 4: Fasting blood glucose, glucose tolerance, and insulin tolerance over 14-weeks of HFD.
Twelve-hour fasting blood glucose of (A) males and (B) female WT, HET, and KO mice at

weeks 0, 7 and 14 of HFD feeding. Glucose tolerance test (GTT) area under curve (AUC)
of (C) males and (D) female WT, HET, and KO mice at weeks 0, 7 and 14 of HFD feeding.
Insulin tolerance test (ITT) area under curve (AUC) of (E) males and (F) female WT, HET,
and KO mice at weeks 0, 7 and 14 of HFD feeding. Results are mean+SE (n=8); ns, not
significant; **p<0.01, *** P<0.001 and ****p<0.0001 by two-way ANOVA with Tukey’s
multiple comparison test.
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Figure 5: Levels of markers of insulin resistance in response to diet.

Plasma insulin (A), leptin (B), adiponectin (C), resistin (D) and PAI-1 (E) after 14 weeks
of chow diet (CD) or HFD feeding in WT, HET and KO mice. (F) Homeostatic model
assessment of insulin resistance (HOMA-IR) after 14 weeks of HFD-feeding. (G) Leptin-
adiponectin ratio after 14 weeks of HFD feeding. Results are mean£SE (n=10-20); ns, not
significant; **p<0.01, *** P<0.001 and ****p<0.0001 by two-way ANOVA with Tukey’s
multiple comparison test.

Obesity (Silver Spring). Author manuscript; available in PMC 2024 April 01.



1duosnuey Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnue Joyiny

Hossain et al.

>

e CD
— —~ _ O HFD
S S 2 cSn
) 3 -Q‘Ge-
h® " S
8 L 15 0 I s
- (4]
S o S O 4
X2 0 %;
3,
3 2 u S
~ © 05 ‘.‘52'
S 33
ax,, DQ:_G
G ® CD H ® CD
O HFD Hokokk O HFD
‘\ —
SEs r— 1. s §
S o=
g9« B8
Qo S
Q O 31 ° =
X % 22
wo m o
5‘% o0 2 ‘..2 ¢
° 8 £ | P Qw
> 9O o® * Lo o
ax, , , S S el B ,
WT KO
J ® CD ok K
O HFD N
g_’é‘z.s- - "s g?
— S =}
n © = 0
832 e . ? T
2@15 . e o 2
g9 o ¢ 5o
W o 10 G ¥ |L< o
> Q >
21 |°]] | 535
E’g 0.0 :g
WT KO

IL-6 Expression
(Relative to -actin)

w
o

N
il

N
=)

-
=}

o
kil

o
=}

e CD
7 © HFD

FHokk

w

Tnfo. Expression
(Relative to B-actin)

[
o

g
12

N
o

-
o

-
=]
n

14
0

4
o

(@)

N
* 9

N
id

-
e

Ccl5 Expression

Page 20

e CD
o HFD .
ns ns
o
[ ]
Olo

(Relative to f-actin)

Il
o

|
.
o
o

P

(Relative to B-actin)
& 5

Prmd16 Expression

e
°

—
oe
w
L

Tnfo. Expression
(relative to B-actin)

-

Tnfo. Expression
(relative to p-actin)

Figure 6: Expression of inflammatory and thermogenic markers in adipose tissues.

Levels of mRNA of (A) interleukin-6 (//-6), (B) tumor necrosis factor-alpha (Ucp),

(C) chemokine ligand 5 (Cc/5), (D) peroxisome proliferator-activated receptor gamma
coactivator 1-alpha (Pgcla), (E) uncoupling protein-1 (Ucpl) and (F) PR domain
containing 16 (Prmd16) in VAT of WT and KO mice after 14 weeks of chow diet (CD)

or HFD feeding. Expression of Pgcla (G) Ucpl (H) and Ucpl (1) in subcutaneous (SAT)
of WT and KO animals after 14 weeks of chow diet (CD) or HFD-feeding. Expression of
Pgcla (J) Ucpl (K) and UcpI (L) in BAT of WT and KO animals after 14 weeks of chow
diet (CD) or HFD-feeding. Results are mean+SE (n=8-10); ns, not significant; *p<0.05,

Obesity (Silver Spring). Author manuscript; available in PMC 2024 April 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Hossain et al.

Page 21

**p<0.01, *** P<0.001 and ****p<0.0001 by two-way ANOVA with Tukey’s multiple
comparison test.
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Figure 7: UCP1 protein levels and mitochondria respiration in BAT from HFD-fed WT and KO

mice.

(A) Western blot and densitometry analysis of UCP1 in BAT from WT and KO mice after
14 weeks of HFD feeding. Results are mean+SE, n=6/group; *p<0.05 compared to WT by
unpaired T-Test. (B) ADP-stimulated oxygen respiration in isolated mitochondria from BAT
of WT and KO mice after 14 weeks of HFD feeding. Results are mean+SE, n=4/group,
****<0.0001 by two-way ANOVA with Tukey’s multiple comparison test.
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Figure 8: Skeletal muscle thermogenic marker expression and insulin signaling.
(A) Gpr75gene expression in WT, HET and KO mice after 14 weeks of chow diet (CD)

or HFD-feeding. (B) Expression levels of uncoupling protein-3 (Ucp3) and (C) Mitofusin-1
(Mfn1) in WT and KO after 14 weeks of CD- or HFD-feeding. (D) representative western
blot and densitometry analysis of phosphorylated insulin receptor at tyrosine 972 (pIR)
normalized to total insulin receptor (IR) levels in skeletal muscle from HFD-fed WT, HET,
and KO mice. (E) western blot and (F) densitometry analysis of phospho-AKT (serin 473)
normalized to total AKT in skeletal muscle from HFD-fed WT and KO mice. Results are
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meanxSE (n=3-5); ns, not significant; *p<0.05, **p<0.01, *** P<0.001 by unpaired t-test
(B, C and E) or two-way ANOVA with Tukey’s multiple comparison test (A and D).
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