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Abstract

With the Centers for Disease Control and Prevention (CDC) estimating that
over 43% of Americans are obese in 2022, obesity is clearly an American health
crisis. In fact, obesity has been linked to several prevalent medical conditions —
hypertension, heart disease, liver disease, and type 2 diabetes mellitus (T2DM) —
amounting to over 200 billion dollars of burden on the healthcare system in 2022 (as
cited in Hossain et al., 2023). The etiology of obesity involves complex interactions
between genes regulating caloric intake and energy expenditure with environmental
and behavioral factors. In fact, it is estimated that up to 40% of variation in body
mass index (BMI) can be explained by genetic factors. Recently, a collaboration
between Regeneron Pharmaceuticals and the Schwartzman-Garcia labs at New
York Medical College published an exome sequencing study of individuals across
the United Kingdom, United States, and Mexico which concluded that individuals
possessing non-functioning, truncated mutations to the orphan g protein coupled
receptor (GPCR), GPR75, had lower BMI and 54% reduced likelihood of obesity.
The present study was undertaken to fully characterize the metabolic phenotype of
Gpr75 deficient mice when fed a high fat diet (HFD) and explore potential
mechanisms by which GPR75 activation links to increased adiposity and decreased
glucose tolerance. Mice with genomic Gpr75 deficiency were subjected to HFD
feeding (60% kilocalories from fat) for a period of 14 weeks. At baseline (8-10 weeks
of age) Gpr75 deficient mice have similar weight when compared to wild-type
littermates. Body composition analysis using microcomputed tomography (microCT)

also showed no differences in fat mass or fat-free mass (i.e., muscle mass) between the

Xiv



transgenic and wild-type animals. Intraperitoneal glucose and insulin administration
further indicated no differences in glucose handling between transgenic and wild-type
mice at baseline. After 14 weeks of HFD-feeding we observed significant differences in
weight gain, with male and female wild-type mice gaining double the amount of weight
as the transgenic mice. This corresponded with impairment in glucose clearance in
response to insulin administration in wild-type mice indicating insulin resistance, a
hallmark of T2DM, which was significantly attenuated in the transgenic mice.
Surprisingly, mice with Gpr75 deficiency show no differences in caloric intake
compared to wild-type animals throughout the feeding period. In contrast, whole-
body energy expenditure calculated from volume of oxygen consumption (VO2) and
carbon dioxide (VCO2) production decreased in response to HFD-feeding for wild-
type animals, while remaining unchanged compared to baseline for transgenic
animals. This correlated with increased expression of mitochondrial uncoupling
proteins (UCPSs) in different adipose tissue depots, whose role in diet-induced
obesity prevention has been published. With these results, we provide strong
evidence that GPR75 contributes to diet-induced obesity and glucose intolerance,
possibly by impairing the mitochondria-energy expenditure axis. Thus, the
development of GPR75 blockers may provide a novel therapeutic approach for the

fight against obesity and related complications (Hossain et al., 2023).
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Introduction and Background

Obesity

Obesity is one of the world’s largest health problems. While once considered a
problem for the rich in westernized countries, it now spans all income levels. The
World Health Organization (WHO) estimates that over 2 billion people will be
considered obese by 2030, with the highest concentration of people in the United
States — an estimated 42.4% of the population (as cited in Hossain et al., 2023). The
Global Burden of Disease, published in The Lancet, indicates that cardiovascular
disease (CVD), cancer, hypertension, and stroke, are associated with increased
morbidity and mortality rates (as cited in Hossain et al., 2023). While obesity does not
directly cause any of these conditions, it is a major risk factor and significantly
increases the likelihood of occurring (Figure 1) (Kopelman, 2000; Mayoral et al., 2020;
Shukla et al., 2014). Indeed, many of the leading causes of mortality have benefitted
from modern research and advent of pharmacotherapy. Unfortunately, there is very
little — aside from lifestyle modifications — to combat obesity (Goossens, 2017).

Figure 1: Obesity related consequences




Clinical Manifestation of Obesity

Obesity is generally defined as an excessive accumulation of fat, and since
there is no simple method to assess fat mass accumulation clinically, medical
personnel typically diagnose obesity by calculating BMI. (Blundell et al., 2014; di
Angelantonio et al., 2016). Epidemiological studies from the WHO indicate that BMI
values between 18.5-25.0 kg/m? tend to be associated with low mortality rates, while
values above 30 kg/m? are associated with increased morbidity. However, it is worth
noting that today medical personnel are encouraged to measure waist-to-hip ratio
(WHR) rather than BMI to assess fat accumulation/distribution, as BMI only offers
suggestive information about body mass composition (Blundell et al., 2014; di
Angelantonio et al., 2016; Stenholm et al., 2008). Take for example top athletes, like
tennis star Serena Williams or basketball legend LeBron James, who have BMI values
approaching 30 kg/m? due to increased muscle rather than fat mass (Pilis et al., 2019;
Reale et al., 2020).

Even still, absolute fat mass is not unambiguously related to metabolic health.
For example, insulin sensitizing agents are widely used to treat T2DM and improve
cardiovascular health despite documented adipogenic properties — which is
particularly true for peroxisome proliferator-activated receptor gamma (PPAR-y)
agonists (Fonseca, 2003; Reasner, 2002; Yasmin & Jayaprakash, 2017).
Furthermore, lipodystrophy, characterized by a deficiency in adipose tissue, has been
linked to poor cardiovascular health and insulin resistance (Ganda, 2000; Gavrilova
et al., 2000; Kim et al., 2000). In fact, surgical grafting of healthy adipose into

lipodystrophic mice has been shown to alleviate insulin resistance (Gavrilova et al.,



2000). Numerous studies have highlighted the importance of body fat distribution as
a major determinant of metabolic health. For example, it has been well established
that intra- abdominal adipose tissue accumulation is closely related to cardiometabolic
risk factors, while the expansion of lower body (gluteofemoral) adipose tends to be
associated with lower total- and low-density lipoprotein-cholesterol, lower aortic
calcification, and reduced arterial stiffness (Malis et al., 2005; Snijder et al., 2004;
Yusuf et al., 2005). The exact mechanisms underlying the benefits of gluteofemoral
fat are unclear, though it may be linked to anti-inflammatory effects of long-chain
polyunsaturated fatty acids, particularly omega-3 docosahexaenoic acid (DHA)
(Ibrahim, 2010; Patel & Abate, 2013).
Obesity-Driven Diabetes Mellitus

Diabetes mellitus is typically characterized by chronic hyperglycemia. Type 1
diabetes (T1DM) occurs as a result of autoimmune destruction of pancreatic beta cells
and the absolute loss of insulin, while T2DM generally occurs as a result of impaired
insulin signaling (Toi et al., 2020). While both forms of diabetes can be lethal when
uncontrolled, the prevalence of T2DM is far higher than T1DM, accounting for more
than 90% of all diabetes cases (Beckman et al., 2013; Sumamo Schellenberg et al.,
2013; Toi et al., 2020). The National Institutes of Health (NIH) estimates that more
than 425 million people globally were diagnosed with T2DM in 2017; however, that
number is projected to be over 630 million by 2045 (as cited in Toi et al., 2020). This
is of major concern as life expectancy decreases significantly with uncontrolled

diabetes. Cross-sectional epidemiological studies indicate that after age 50, life



expectancy is 6 years shorter for people with T2DM than for people without it
(Beckman et al., 2013; Sumamo Schellenberg et al., 2013).

Under normal conditions uptake and metabolism of glucose by beta cells of the
islets of Langerhans stimulates insulin secretion via calcium induced vesicular fusion
(Posner, 2017). Insulin receptor activation on target cells tends to initiate a complex
signal transduction cascade involving the recruitment and phosphorylation of
homologous insulin receptor substrates (IRS -1, -2, -3) and activation of the
phosphoinositide 3-kinase/protein kinase B (PI3K/Akt) pathway (Haeusler et al., 2018;
Manning & Toker, 2017; Samuel & Shulman, 2012). Downstream effects are largely
tissue specific, such as glucose disposal in myocytes, lipolysis in adipocytes, as well
as lipogenesis and gluconeogenesis in hepatocytes (Haeusler et al., 2018). Indeed,
approximately 90% of insulin-stimulated glucose disposal occurs in skeletal muscle.
Insulin resistance occurs when insulin-sensitive target tissues lose insulin response.
This tends to cause hyperglycemia and dyslipidemia, due to the effects on skeletal
muscle and liver/adipose respectively (Manning & Toker, 2017; Samuel & Shulman,
2012). While the cause of insulin resistance is multifactorial, adipose tissue
dysfunction, inflammation, and mitochondrial dysfunction seem to play important roles
in development.

Obesity-Driven Adipose Tissue Dysfunction & Inflammation

Adipose tissue plays a pivotal role in maintaining energy homeostasis. In
times of overnutrition (i.e., caloric excess) adipocytes store lipids and become
hypertrophic (Frayn, 2001; Hardy et al., 2011; Stinkens et al., 2015; Wernstedt

Asterholm et al., 2014). The opposite occurs during caloric deficiency, when lipid



stores (i.e., triglycerides) are broken down via lipolysis and released as free fatty
acids (FFAs) to be used as an energy source (Stinkens et al., 2015). Chronic
overnutrition alters adipocyte phenotype and tends to stimulate an inflammatory
cascade. Under normal conditions adipose tissue is enriched with anti-inflammatory
immune cells — particularly M2 macrophages — which tend to secrete anti-
inflammatory cytokines including interleukin -4, -5, -13 (Curat et al., 2004; Weisberg
et al., 2003; Zeyda et al., 2007) (Figure 2). Caloric excess, particularly with HFD,
promotes lipid overloading, hypertrophy, and changes in adipocyte morphology
whereby expression of C-C chemokine receptor type 2 (CCR2) predominates (Curat
et al., 2006). Neutrophils are now considered the first immune cells to be recruited to
obese adipose tissue, where they bind to adipocytes via intercellular adhesion
molecule 1 (ICAM-1) and stimulate production of interleukin-13 (ll-18) and tumor
necrosis factor a. (TNFa) (Hardy et al., 2011; McDonnell et al., 2012; Rausch et al.,
2008). Neutrophils also secrete neutrophil elastase (NE) which tends to stimulate
macrophage recruitment. In fact, genetic deletion of NE in rodents has been shown
to reduce macrophage infiltration in HFD-fed rodent studies (Watanabe et al., 2019).
M1 macrophage recruitment to adipose tissue further stimulates the secretion of pro-
inflammatory cytokines TNFa, IL-6 and IL-18 (Curat et al., 2006; Weisberg et al.,
2003; Zeyda et al., 2007) (Figure 2). In fact, histological analysis of adipose from
human and mouse models of obesity show that M1 macrophages make up nearly
40% of inflamed adipose tissue (Stefanovic-Racic et al., 2012).

Pro-inflammatory cytokines, particularly TNFa, directly inhibit normal insulin

signaling (Figure 2) through activation of JNK or IKKB/NF-kB signaling pathways



(Hotamisligil et al., 1994; Li et al., 2022; Tang et al., 2002; Xu et al., 2003). JNK
activation and phosphorylation of the insulin receptor substrate-1 (IRS-1) at serine-
302 or serine-307 inhibits PI3K/Akt pathway activation required for GLUT4
translocation (Rondinone & Smith, 1996; Rui et al., 2001). In fact, studies show that
siRNA silencing of TNFa improves insulin sensitivity and glucose tolerance in obese
mice (Aouadi et al., 2013). Importantly, FFAs have been shown to directly induce
activation JNK and IKKB/NF-kB signaling and promote insulin resistance in the
absence of cytokines (Puri et al., 2019; Sobczak et al., 2019). This was supported by
studies linking lipotoxicity and skeletal muscle insulin resistance in animal models with
muscle-specific overexpression of lipoprotein lipase in (Puri et al., 2019).

Figure 2: Adipose phenotypes
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Obesity-Driven Mitochondrial Dysfunction

All eukaryotic cells require energy to survive and replicate, and this energy is
typically supplied by mitochondria. In fact, mitochondria synthesize more than 95% of
adenosine triphosphate (ATP) cells need to survive (Chouchani et al., 2016). The
cascade of events required for ATP generation can be simplified into (1) generation
of an electrical potential between the mitochondrial matrix and inner membrane space
via the pumping of protons, and (2) conversion of electrical energy into chemical
energy as protons pass back into the matrix through the ATP synthase (Chouchani et
al., 2016; Wu et al., 2012; Yoneshiro et al., 2013). Importantly, mitochondrial oxidative
phosphorylation requires molecular oxygen. In fact the generation of superoxide and
hydrogen peroxide from the breakdown of molecular oxygen in the electron transport
chain have been implicated in DNA damage (Boveris & Chance, 1973; Starkov &
Fiskum, 2003).

With excessive nutrition, adipose tissue expansion is followed by ectopic lipid
deposition throughout the body — skeletal muscle and liver in particular (Frayn, 2001,
Goossens, 2017; Liesa & Shirihai, 2013; Shukla et al., 2014). Oxidation of these lipids
provides an increased supply of reduced cofactors (NADH and FADH2) to the
mitochondrial electron transport chain (ETC), thus enhancing ROS production (Liesa
& Shirihai, 2013; Mishra & Chan, 2016). ROS are generally recognized as harmful
particles as they damage intracellular proteins, lipids, and nucleic acids. In fact, ROS
have been shown to play a major, albeit confusing, role in the development of insulin
resistance. Studies show that acute diffusion of hydrogen peroxide into 3T3L1

adipocytes resulted in oxidation/inactivation of phosphatase and tensin homologue



deleted on chromosome 10 (PTEN), which tended to enhance glucose uptake via Akt
and GLUT4; however, chronic ROS treatment led to Akt inactivation and insulin
resistance (Ma et al., 2018; Manna et al., 2017). A study by Tang et al. showed that
stimulation of the nuclear factor E2-related factor 2 (Nrf2) antioxidant pathway by
sodium butyrate (NaB) enhances Glut4 and Irs-1 expression in gastrocnemius muscle
to attenuate HFD-induced insulin resistance in rats (Tang et al., 2022)

Importantly, oxidative phosphorylation is not perfectly coupled to ATP
generation. Mitochondrial uncoupling proteins (UCPs) located on the inner membrane
tend to act as channels for proton flux back to the matrix (Figure 3). However, the
proton flux is coupled to heat generation instead of energy production (Fedorenko et
al., 2012; Ukropec et al., 2006; Wu et al., 2012).

Figure 3: Uncoupling protein localization and physiological effect
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The generation of heat, known as thermogenesis, in brown adipose tissue
(BAT) plays an important role in maintenance of body heat. Importantly, since
oxidative phosphorylation is uncoupled, production of ROS is reduced, while still
providing a sink for energy dissipation. Thus, thermogenesis is a novel target for
counteracting the development of metabolic disorders such as obesity and T2DM
Studies indicate that transgenic mice with ectopic Ucpl expression in white adipose
tissue (WAT) are resistant to HFD-induced obesity compared to wild-type controls
(Ukropec et al., 2006). Furthermore, numerous studies indicate that exogenous
stimulation of UCP1 attenuates diet-induced obesity and insulin resistance in well-
established models of obesity. This was shown by Chen et al. using the phytochemical
hyperforin and Wang et al. using interleukin-27 (Chen et al., 2021; Wang et al., 2021).
20-HETE

20-hydroxyeicosatetraenoic acid (20-HETE) is the omega-hydroxylation
metabolite of arachidonic acid whereby Cytochrome P450 (CYP) 4A and 4F
isozymes insert a hydroxyl group at the terminal sp® carbon, thus making it
biologically active (Figure 4). In humans the major 20-HETE synthases are
CYP4A1l and CYP4F2. CYP4A10, CYP4A12, and CYP4A14 convert arachidonic
acid to 20-HETE in mice; however, CYP4A12 is the major 20-HETE synthase
(Froogh 2022; Kroetz & Xu 2005). 20-HETE production has been well documented
in the heart, lung, kidney, vasculature, fat, as well as other organ beds (Escalante et
al., 1990). This is due to the widespread expression of Cytochrome P450 enzymes

throughout the body.



The role of 20-HETE in vasculature function has been well documented.
Vascular smooth muscle cells (VSMC) are a major site of action for 20-HETE. In
fact, 20-HETE is a strong constrictor of microcirculatory vessels through these
actions. 20-HETE promotes VSMC constriction by inhibiting the calcium-activated K*
channel (BKcg) (Toth et al., 2013). This may involve a variety of mechanisms,
including but not limited to, activation of protein kinase C (PKC), mitogen activated
protein kinase (MAPK), and Src-type tyrosine kinases (Muthalif et al., 2001; Stec et
al., 2007). Rho kinase, which phosphorylates myosin light chain (MLC) and
increases the sensitivity of the contractile apparatus to Ca?*, is also a target of 20-
HETE (Randriamboavonjy et al., 2003). Importantly, 20-HETE also activates the
transient receptor potential and vanilloid receptor (TRPV) family of calcium
permeable channels (Toth et al., 2013). These ion channels play a major role in
regulating vascular tone. Furthermore, 20-HETE has been shown to stimulate
superoxide production and inflammatory cytokine production in pulmonary artery
vascular smooth muscle cells (Lakhkar et al., 2016). Vascular endothelium is
another critical target for 20-HETE. Within the endothelium 20-HETE has been
shown to uncouple the endothelial nitric oxide synthase (eNOS), thus reducing nitric
oxide production while increasing superoxide (Cheng et al., 2010). The resulting
activation of nuclear factor kappa light chain enhancer of activated B cells (NF-kB)-
mediated pro-inflammatory program increases secretion of 1l-6, 1I-8, and Tnfa
(Cheng et al., 2010). In fact, inhibition of 20-HETE signaling has been shown to
inhibit NF-kB activation and attenuate vascular inflammation (Cheng et al., 2010;

Toth et al., 2013). (Figure 4)
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Figure 4: Biological effects of 20-HETE
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The role of 20-HETE in the pathogenesis of obesity is relatively unclear;
however, some studies indicate that 20-HETE levels in blood or urine correlate with
BMI in humans (Barden et al., 2007; Peterson et al., 2016; Tsai et al., 2009).
Furthermore, high-fat diets have been shown to induce 20-HETE synthases —
CYP4A/F enzymes. In fact, transgenic mice with overexpression of the 20-HETE
synthase (CYP4A12) show further increases in CYP4A12 expression and plasma
20-HETE levels as a result of high-fat diet feeding (Gilani et al., 2018). Indeed,
exogenous administration of 20-HETE to mesenchymal stem cells undergoing
adipogenesis results in adipocyte hypertrophy and inflammation, which is mediated

by the cyclooxygenase-2 (COX-2) derived 20-HETE metabolite 20-hydroxy
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prostaglandin E2 (20-OH-PGEZ2) (Kim et al., 2013). 20-HETE seems to play an
important role in glucose metabolism and insulin signaling as well. Cultured
endothelial cells (HUVEC) treated with 20-HETE display impaired insulin-stimulated
phosphorylation of IRS-1 at Tyr632, thus leading to impaired insulin signaling
(Boucher et al., 2014; Gilani et al., 2021; Li et al., 2014). Other studies have found
that 20-HETE stimulates glucose-stimulated insulin secretion mouse islets by
binding to the free fatty acid receptor 1 (FFAR1) (Liu et al., 2013; Tunaru et al.,
2018).
The 20-HETE Receptor — GPR75

GPRY75 is currently classified as a class A orphan receptor. Initially, expression
was thought to be limited to cells surrounding retinal arterioles as well as areas of the
brain; however, GPR75 expression is now considered to be quite widespread
including the luminal side of the proximal tubule in the kidney as well as beta cells in
pancreatic islets (Garcia et al., 2017; Pascale et al., 2021). Studies show that CC motif
chemokine ligand 5 (CCL5) increases IP3 and intracellular calcium in HEK cells
overexpressing Gpr75 via a Gq protein-coupled PLC-mediated signal transduction
pathway (Dedoni et al., 2018). Furthermore, studies show that exogenous
administration of CCL5 increased intracellular calcium in beta cells via GPR75 and
stimulated insulin secretion from mouse and human islets in vitro (Liu et al., 2013)
However, there are no documented binding studies of CCL5 to GPR75 and CCL5
pairing to GPR75 could not be repeated in a B-arrestin assay (Dedoni et al., 2018;
Pascale et al., 2021;). Other studies indicate that the vasoactive eicosanoid 20-HETE

tends to bind to and activate GPR75. For example, Garcia et al. showed high affinity
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binding of 20-HETE to GPR75 and the activation of Gq signaling mediated by
intracellular Ca?* accumulation and B-arrestin recruitment (Garcia et al., 2017).
Indeed, these were negated by 20-HETE receptor blockers (Pascale et al., 2021).
Furthermore, 20-HETE increased epithelial-mesenchymal transition, release of
metalloproteinase-2 (MMP-2), cell migration and invasion in prostate cancer cells (PC-
3). Which was impaired by GPR75 antagonism/silencing (as cited in Pascale et al.,
2021)
Genetic Component of Obesity
Decades of research have identified abnormalities in many genes play a

causative role in obesity. For example, ob/ob (LEP deficient) and db/db (LEPR
deficient) mouse models tend to show a similar pattern of obesity development.
However, ob/ob mice are documented to show only mild insulin resistance,
while db/db mice develop severe diabetes (Pelletier et al., 2020). Unfortunately,
mechanistic details underlying leptin signaling and development of obesity and
diabetes remain poorly investigated. Conversely recent studies have identified gene
abnormalities that may play a causative role in leanness. For example, genetic
deletion of Anaplastic lymphoma kinase (ALK), a receptor tyrosine kinase, in mice
resulted in thin animals with marked resistance to diet- and leptin-mutation-induced
obesity (de Munck et al., 2021). This occurs through enhanced energy expenditure
via sympathetic control of adipose tissue lipolysis (de Munck et al., 2021; Pelletier et
al., 2020).

The exome sequencing of 645,626 individuals from the United Kingdom, United

States, and Mexico indicated that truncated variants of GPR75 were associated with
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1.8 kilograms per square meter lower BMI and 54% lower odds of obesity in the
heterozygous state (Akbari et al., 2021). Studies in transgenic mice with Gpr75
deletion indicate that mice are thin at weaning and tend to be hypophagic (Powell et
al., 2022). Further studies indicate that deletion of Gpr75 in mice resulted in resistance
to weight gain in a high-fat diet model (Hossain et al. 2023). Based on this information
GPR75 may be an exciting target for obesity treatment and the underlying

mechanisms attenuating HFD-induced weight gain need to be explored.
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Central Hypothesis

Gpr75 deficiency attenuates high fat diet-driven obesity and glucose intolerance
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Specific Aims
Aim 1: To determine whether deficiencies in Gpr75 genomic expression
impact high fat diet-driven obesity and glucose handling.

Transgenic mice with Gpr75 deficiency, Gpr757 (KO) and Gpr75*- (HET),
were generated by Regeneron Pharmaceuticals using their proprietary VelociMouse
technology whereby bacterial artificial chromosome vectors (BAC), with the Gpr75
genomic sequence replaced with LacZ, were introduced into embryonic stem cells
for homologous recombination. 8-10-week-old mice will be fed high fat diet (60%
kilocalories from fat) for a period of 14 weeks. Development and progression of
obesity will be analyzed through multiple methods. Body weight will be measured
weekly to identify differences in weight gain between genotypes. Furthermore,
microCT will be used to directly measure differences in visceral adipose (VAT) and
subcutaneous adipose (SAT) accumulation between genotypes throughout the
feeding period. After 14 weeks of HFD feeding sections of VAT, SAT, and BAT will
be analyzed by hematoxylin and eosin (H&E) staining to visualize morphological
differences, such as adipocyte size and lipid accumulation. Since obesity tends to be
associated with adipose dysfunction, plasma adipokines will be measured through
multiplex immunoassay — with particular emphasis on leptin and adiponectin.
Obesity-induced impairments in glucose handling will be determined through
measurement of fasting blood sugar, fasting plasma insulin, glucose tolerance, and
insulin tolerance. It should be noted that additional KO, HET, and WT mice will be
fed chow/control diet (13% kilocalories from fat) for 14 weeks and similar parameters

will be measured as a control. By comparing changes in these parameters, we will
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determine whether Gpr75 expression correlates to HFD-induced obesity and

diabetes.
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Aim 2: To evaluate if protection from obesity is linked to caloric intake or
caloric expenditure

The complex interplay of mechanisms involved in maintaining healthy body
composition can be simplified as: energy intake = energy expenditure. In this
paradigm changes in body weight occur as a result of either feeding or energy
expenditure modification. Energy expenditure can be divided into obligatory energy
expenditure — caloric breakdown/energy expenditure by mitochondria for cellular and
organ function — and physical energy expenditure. An emerging division of energy
expenditure is adaptive thermogenesis — caloric breakdown and resulting release of
heat. While physical energy expenditure is a well-documented inducer of caloric
breakdown and weight loss, numerous publications indicate that stimulation of
adaptive thermogenesis also prevents against obesity. The goal of this aim is to
determine whether changes in HFD-driven weight gain between Gpr75 deficient and
WT mice are due to reduced energy intake or enhanced energy expenditure. To
address this issue weekly food consumption will be measured for all animals and
used to calculate energy intake in kilocalories. Furthermore, animals will be
subjected to indirect calorimetry at baseline and after 14 weeks of HFD-feeding to
identify any differences in oxygen consumption — an indirect measurement of whole-

body energy expenditure.
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Aim 3: To explore the potential cellular mechanisms underlying the protection
from obesity and glucose intolerance.

The molecular mechanisms regulating whole-body energy expenditure are
relatively well documented. The role of peroxisome proliferator activated receptor -
gamma coactivator alpha 1 (PGC- 1 alpha) in energy homeostasis is critical.
Activation of the beta-3 adrenergic receptor tends to stimulate cyclic adenosine
monophosphate (CAMP) mediated protein kinase A (PKA) activation. The resulting
interaction of PGC -1 alpha with PPAR-gamma induces transcription of the
uncoupling proteins (UCPs). Since UCPs play a critical role in adaptive
thermogenesis we will measure gene and protein expression of PGC- 1 alpha and
UCPL1 in different adipose depots (VAT, SAT, and BAT). Since mice tend to have
significant BAT depots compared to humans, we will also measure the expression of
UCP3 isoform predominately found in skeletal muscle.

The link between inflammation and insulin resistance is well documented. We
will measure the level of inflammatory markers, such as TNF-a, within different
adipose beds and skeletal muscle via RT-PCR. Since 90% of glucose disposal
occurs in skeletal muscle through insulin signaling, we will analyze activity of key
markers of insulin signaling, including the phosphorylation of the insulin receptor and

Akt activation, via western blot.
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Materials and Methods
Experimental animals

“All experimental protocols were approved by the Institutional Animal Care and
Use Committee (IACUC #) in accordance with the National Institutes of
Health Guidelines for the Care and Use of Laboratory Animals. Mice null for Gpr75
(Gpr757-; KO) were generated by Regeneron Pharmaceuticals using the VelociMouse
technology and are all on C57BL/6 background. Mice heterozygous (Gpr75*-; HET)
for the Gpr75 were bred to generate age-matched wild type (Gpr75*+; WT), HET and
KO littermates that were used for experimentation. Male and female mice (10-12-
week-old, 20.24+0.9g; n=45) were housed in static polycarbonate caging units (29.2
x 19.1 x 12.7 cm shoebox style) with stainless-steel wire bar lids, and 7-cm-deep
isolator cage filter tops in a pathogen free facility. Three to four animals were placed
in a cage with Alpha-dri paper pulp cellulose animal bedding, free access to food
(LabDiet 5001) and acidified water, 14-h/10-h light/dark cycle, and a temperature
between 20-23°C with 40-60% humidity. Welfare of all animals was monitored daily
by licensed veterinary technicians employed by New York Medical College. Male and
female mice of all genotypes were randomly distributed (n = 8-12 per group based off
95% confidence level calculation) into two experimental groups of diet feeding for 14
weeks (Figure 5): 1) regular chow/control diet (CD; Rodent Laboratory Chow 5001;
Purina, St. Louis, MO); and 2) HFD (cat. no. 03584; Envigo, Huntingdon, UK). The
composition of diets in percent kilocalories (kcal) 1) CD: fat, 13.4%; carbohydrate,
58.0%; protein, 28.7%; 2) HFD: fat, 58.4%; carbohydrate, 26.6%; protein, 15.0%. All

animals were monitored for changes in body weight on a weekly basis. Body
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composition (microCT), fasting blood glucose, and glucose and insulin tolerance tests
were measured before and at weeks 7 and 14. At the end of the experiment, mice
were anesthetized with ketamine/xylazine intra-peritoneal dose at 100 mg/kg
ketamine + 10 mg/kg xylazine. Blood was withdrawn and fat tissues including visceral
(VAT), subcutaneous (SAT) and brown (BAT) adipose tissues were harvested for
various assays. All monitoring tests and post feeding analyses are described below
and were done in blinded fashion. The number of animals used in this study is
indicated in the section on statistical” (Hossain et al., 2023).

Figure 5: Scheme of experiment
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Assessment of Energy Intake

“Mice were housed in groups of 2-4. HFD and chow diets were provided as
pellets only once a week (150 grams per cage). Energy intake was calculated by
subtracting the amount of food leftover on any given week from the amount of food
given the previous week. This value was divided by the number of animals per cage
to obtain the averaged amount of food consumed by a single animal in any given
week. The amount of food (in grams) was then multiplied by the kcal/gram obtained
from the manufacturer (5.4 and 4.07 Kcal/gram, for HFD and chow diet respectively).
The results were presented as Kcal consumed. Results depicted as weekly and
cumulative energy intake showed no statistical differences between the genotypes”
(Hossain et al., 2023).
Assessment of Energy Expenditure

“Whole body energy expenditure was determined using indirect calorimetry.
Mice were placed in a gas analyzer (Oxylet; Panlab-Bioseb, Vitrolles, France) for 1
hour to obtain measurements of oxygen consumption (Voz) and carbon dioxide
production (Vcoz). For each individual mouse, hourly measurements were
performed twice. There were 2 animals studied per hour that were housed in two
different chambers. Total energy expenditure (TEE) was calculated using the Lusk
equation, [(1.232*RQ)+3.815]*VO2, where RQ is the ratio VCO2/VO2. TEE data
were then analyzed using the National Mouse Metabolic Phenotyping Center
website provided by the NIH. ANCOVA analysis was conducted with grouping

variable set to genotype and CoVariate variable set to total (TBM) or lean (LBM)
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body mass to identify whether TBM or LBM had an effect on the differences in
energy expenditure between genotypes after HFD-feeding” (Hossain et al., 2023).
Micro-Computed Tomography (microCT) scanning and analysis

“Whole body microCT scans were obtained from mice anesthetized with
isoflurane (4% for induction and 2% during scan acquisition) using the Quantum
GX2 microCT imaging system (PerkinElmer Inc). Settings were optimized for body
composition including a voltage of 70 kV, field of view of 72 mm, and X-ray filter of
Aluminum 1.0 mm. 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. Regions of similar density to fat
were excluded using the same method to remove air within the lungs and equipment
artifacts. The 3D sections are 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)”
(Hossain et al., 2023).
Fasting blood glucose, GTT and ITT, and assessment of insulin sensitivity

“Intra-peritoneal glucose and insulin tolerance tests were performed prior to
HFD feeding, after 7 weeks of HFD feeding, and at the end of the experiment (14
weeks of HFD feeding). All experiments were conducted promptly at 10:00 am. Intra-
peritoneal injection was chosen for route of administration to avoid administration error
that may occur with oral route of administration. For GTT, after a 12-hour overnight

fasting period in clean cages containing Alpha-dri paper pulp cellulose animal
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bedding, 20% (vol/vol) dextrose was given through an intra-peritoneal injection in a 2
og/kg body weight proportion. Blood glucose levels were measured by tail pinch
immediately before and at 15, 30, 60, 90, and 120 minutes after injection using a Bayer
Contour blood glucose monitoring system (7097c). For ITT, after a 4-hour daytime
fasting period in clean cages containing Alpha-dri paper pulp cellulose animal
bedding, 0.75 U/kg body weight insulin (Humalog insulin lispro 100 units/mL) was
administered by i.p. injection. Blood glucose was measured at 0, 15, 30, 60, 90, and
120 min in the same manner as stated for GTT. Afterwards blood was collected and
centrifuged at 2,000 rpm for 15 min to separate the plasma. Ultra-Sensitive Mouse
Insulin ELISA kit (cat. no. 90080, Crystal Chem.) was used to quantify plasma insulin
levels as per manufacturer’s instructions. Homeostatic model assessment of insulin
resistance (HOMA-IR) was calculated as follows: fasting blood glucose (mmol/L) x
fasting blood insulin (pmol/L)/ 22.5. Adiponectin was measured using Bio-Plex Pro
Mouse Diabetes Adiponectin Assay (BIO-RAD #171F7002M). Levels of adiponectin
were used to calculate leptin to adiponectin ratio, an index of insulin sensitivity”
(Hossain et al., 2023).
Multiplex immunoassays

“Bio-Plex Pro mouse diabetes immunoassay kit (BIO-RAD) was used to
measure multiple markers of mouse diabetes and obesity as per the manufacturers
protocol. Briefly, on a black 96-well microplate, magnetic capture antibody coupled
beads were washed and incubated with diluted standards, blanks, and samples.

This was followed by sequential addition of detection antibodies and Streptavidin-PE
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for measurement. Data from the reactions was acquired using Bio-Plex 200 system
and analyzed using Bio-Plex Manager 4.1 software” (Hossain et al., 2023).
Seahorse

“Mitochondrial isolation and seahorse assay protocols were optimized in our
laboratory and developed from previously published protocols from Agilent
Technologies. In short, frozen BAT samples were homogenized in 1X mitochondrial
assay buffer (MAS) (mannitol, sucrose, KH2PO4, MgCl2, HEPES, EGTA, BSA).
Samples were centrifuged at 10,000 xg for 10 min at 4°C. Supernatant was discarded
and pellet was resuspended in 1X MAS and centrifuged again at 15,000 xg for 10 min
at 4°C. Supernatant was again discarded, and crude mitochondrial extracts were
resuspended in 1X MAS and quantified using the Pierce BCA protein assay Kit
(Thermofisher, MA, USA). After quantification 20 micrograms of crude mitochondria
was loaded into XFe 24 cell micro plate and centrifuged at 2,000xg for 20 minutes at
4°C. During centrifugation drugs were prepared as follows in 1X MAS: ADP
(50 mmol/L); oligomycin (50 umol/L); FCCP (50 umol/L); antimycin A/rotenone
(100 pmol/L/20 umol/L). For detailed cartridge loading volumes and Seahorse XFe24
assay protocol (equilibration, mix, wait, and measure times) please refer to Sakamuri
et al (2018). Data is presented in our paper as fold-change from baseline respiration”
(Hossain et al., 2023).
qRT-PCR

“Total RNA was extracted from tissue using the miRNeasy Kit (Qiagen,
1038703) according to the manufacturer’s protocol. Complementary DNA (cDNA)

was then synthesized from total RNA using the QuantiTect Reverse Transcription Kit
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(Qiagen, 205311). Quantitative real time PCR analysis of cDNA was performed in
the QuantStudio 5 Real-time PCR System using TagMan Gene Expression Assays
(Gpr75: MmM00558537_s1, Tnf: Mm00443258 m1, Cyp4al2: Mm00514494 m1,
Prdm16: Mm00712556_m1, Ppargcl: Mm01208835_m1, Ccl5: Mm01302427_m1,
Mfnl: Mm00612599 m1, Ucpl: MmM01244861 m1l, Actb: Mm02619580 g1, II6:
MmO00446190_m1, Ucp3: Mm00494074_m1) with the following cycling conditions:
50 °C for 2 min, 95 °C for 10 min, followed by 40 cycles of 95 °C for 15 s and 60 °C
for 1 min. Target gene expression was normalized to that of Actin and quantitative
analyses were conducted using the AAcycle threshold method” (Hossain et al.,
2023).
Western blot analysis

“After 14 weeks of diet, tissues were isolated from mice. To extract protein,
tissues were homogenized in RIPA lysis buffer and centrifuged at 10,000 RPM for 15
minutes at 4°C. Protein extracts were run in a 4-20% Mini-PROTEAN TGX precast
gel (Bio-Rad, Hercules, CA) at 120V for 1 hour, and then transferred onto a PVDF
membrane using a Trans Blot Turbo transfer machine (Bio-Rad). Anti-phospho-IR-
Tyr-972 (11783) was purchased from Sigma, while anti-UCP1 (14670S), anti-phospho-
Akt-Ser-473 (9271S), anti-Akt (9272S), and B-actin (3700S) were purchased from Cell
Signaling Technology. Primary antibodies were diluted in 5% BSA and incubated with
membrane overnight, while Li-Cor-specific secondary antibodies were diluted in 5%
BSA and incubated with membrane for 2 hours at room temperature. Bands were

guantified using Odyssey Application Software version 3.0.21” (Hossain et al., 2023).
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Histology

“‘H&E staining was performed using published protocols. High resolution whole-
slides of H&E stained adipose were viewed under 20x magnification using an Echo
Revolve microscope (Echo, San Diego, CA) in the bright-field setting. 1000 um x 1000
um pictures were taken of homogeneous areas and analyzed in ImageJ Software.
Free-hand drawing tool was used to manually trace all cells and the Adipocyte Tools
plugin was used to determine area of each traced object. Scale bar length was
manually input into the software to ensure area of traced objects were to scale”
(Hossain et al., 2023).
Statistical Analysis

“The study was performed on 92 nice as follows: There were 52 mice that were
placed on HFD: males, N=8 WT, 9 HET, and 11 KO; females, N = 8 per group (WT,
HET, KO). There were 40 mice that were placed on CD: males, N=8 WT, 7 HET, and
7 KO; females N = 6 per group (WT, HET, KO). Statistical comparisons were
performed using ANOVA and post-hoc Tukey’s test using Graph Pad Prism version
9.2.0 software. Energy expenditure data were also processed to analyze group and
body size effects using ANCOVA. Primarily, figures are presented as dot plots
indicating individual values with the mean and standard error of the mean (SEM). We
(&) randomly distributed WT and Gpr75-genetically modified mice in different
experimental groups; (b) performed all the studies in a blinded fashion; and (c)
conducted each in vitro assay in duplicate with appropriate n-values” (Hossain et al.,

2023).
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Results
Aim 1: To determine whether deficiencies in Gpr75 genomic expression
impact high fat diet-driven obesity and glucose handling

Mice with genomic Gpr75 deletion generated by Regeneron Pharmaceuticals
are on a C57BI/6NTacXSW background and morphologically similar to wild-type
animals at 8-10 weeks of age (age at start of experiment). 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 6A-B, 7A-B). However,
14 weeks of HFD feeding caused a divergence in weight between genotypes in an
allele dependent manner, with male and female mice showing similar trends. Male
WT mice more than doubled their weight (2.46-fold, change in body weight from
baseline 29.32+1.65 grams), while corresponding HET and KO mice added about
85% and 65% to their weights (change in body weight from baseline 19.42+1.67 and
12.71+1.15 grams for HET and KO respectively) (Figure 8A-B). This pattern of
weight gain was similar in female mice albeit the difference between the genotypes
was more pronounced; female WT mice doubled their weight, while HET and KO
mice added 50% and 14% to their weight, respectively (change in body weight from
baseline 16.70+0.83, 8.57+1.37, 5.87+0.28 grams for WT, HET, and KO

respectively) (Figure 9A-B) (Hossain et al., 2023).
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Figure 6: Male mice with Gpr75 deficiency show no differences in weight gain
after 14 weeks of control diet (CD) feeding (Hossain et al., 2023).

(A) Body weight trajectories for male (n=5-6) WT, HET, and KO mice over the
course of 14 weeks of CD-feeding (B) Overall change in body weight. Results are
mean+SE, ns, not significant by two-way ANOVA with Tukey’s multiple comparison
test (Hossain et al., 2023).
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Figure 7 _ _ _
Female Body Weight Trajectories
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Figure 7: Female mice with Gpr75 deficiency show no differences in weight
gain after 14 weeks of control diet (CD) feeding (Hossain et al., 2023).

(A) Body weight trajectories for female (n=6-7) WT, HET, and KO mice over the
course of 14 weeks of CD-feeding (B) Overall change in body weight. Results are
mean+SE, ns, not significant by two-way ANOVA with Tukey’s multiple comparison
test (Hossain et al., 2023).
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Figure 8

Male Body Weight Trajectories

A
60—
D - WT
£
3 -~ HET
2 40+ -~ KO
=
2
Qo
= 20-
>
©
@)
o}
0IIIIIIIIIIIIIII
012345678 91011121314
Weeks
* ok %k %
B * %k % * %

N
o
]
[

w
T

A Body Weight (grams)
T

WT HET KO

Figure 8: Male mice with Gpr75 deficiency have attenuated weight gain after
HFD-feeding (Hossain et al., 2023).

(A) Body weight trajectories for WT, HET, and KO mice (n=7-8) over the course of
14 weeks of HFD-feeding. (B) Total change in body weight from baseline after 14
weeks of HFD-feeding. 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 (Hossain et al., 2023).
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Figure 9 . ) )
Female Body Weight Trajectories
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Figure 9: Female mice with Gpr75 deficiency have attenuated weight gain after
HFD-feeding (Hossain et al., 2023).

(A) Body weight trajectories for WT, HET, and KO mice (n=8) over the course of 14
weeks of HFD-feeding. (B) Total change in body weight from baseline after 14
weeks of HFD-feeding. 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 (Hossain et al., 2023).
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Body composition analysis by microCT allowed us to quantitatively measure
differences in visceral (VAT) and subcutaneous adipose tissue (SAT) volumes at
baseline and throughout the HFD feeding period, which revealed striking differences
between genotypes. At baseline there were no significant differences in VAT volume
between genotypes regardless of sex, 698.75+27.82, 743.22+43.33, and
646.92+76.95 mm? for WT, HET, and KO males; 377.75+14.91, 352.96+36.28, and
287.67+29.20 mm? for WT, HET, and KO females. HFD feeding increased VAT
volume by 9-fold for male WT mice whereas the volume increases in HET and
especially in KO were largely attenuated, 8420.51+293.87, 6536.42+290.49, and
4065.35+279.96 mm? for WT, HET, and KO respectively (Figure 10A-B). Similarly,
VAT volume increased significantly (10-fold) in HFD fed female WT mice to
7634.08+298.40 mm3. In contrast, female HET mice displayed attenuated increases
amounting to 50% of that seen in WT, whereas female KO mice VAT volume was
largely unchanged, 3824.29+234.65 and 1075.18+91.07 mm? respectively (Figure
11A-B). A similar trend was seen in SAT, where HFD feeding increased SAT volume
in WT by 12- and 18-folds for males and females respectively (Figure 10C and
11C). This was compared to 4- and 2-fold increases for male and female KO mice
(Figure 10C and 11C). Surprisingly, when we calculated fat-free volume by
subtracting fat volume from total body volume we saw no differences between WT
and KO at baseline and after HFD-feeding (Figure 12A-B). This suggests that the
increase in body weight seen in WT mice was primarily due to increased fat volume

(Hossain et al., 2023).
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Figure 10
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Figure 10: Male mice with Gpr75 deficiency have attenuated fat mass

% % %k %k % 3k % %k % % %k %k
1 | 1
B % 3k %k %k % 3k %k %k % 3k %k %k
[ 1 (N
***:_‘ % 3k % %k % 3k %k %k
10000 _|
&
€
£
°©
g 5000
S
|_
<

SAT Volume (mm?%)

0_.

$§§§§$y O A WM
* ok ok K *okok K
1 |
Kokkk  kokokk
[ 1
20000 ***Z_} *okok k

15000+

100004

5000+

>

Q A
S*Q*@& S&Q&g&

%k %k %k %k

*

A AN A
Q§S§i§}' S§:§§§N ‘§§g§é*

accumulation over 14-weeks of HFD (Hossain et al., 2023).

Ng

(A) Representative microCT images of male WT, HET, and KO mice at weeks O, 7
and 14 of HFD feeding (blue, visceral fat (VAT); purple, subcutaneous fat (SAT);
scale bar = 20 mm). (B-C) VAT and SAT volumes at baseline, week 7, and week 14
mice. Results are meanzSE, ns, not significant; **p<0.01, *** P<0.001 and
****%n<0.0001 by two-way ANOVA with Tukey’s multiple comparison test (Hossain et

al., 2023).
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Figure 11
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Figure 11: Female mice with Gpr75 deficiency have attenuated fat mass
accumulation over 14-weeks of HFD (Hossain et al., 2023).

(A) Representative microCT images of female WT, HET, and KO mice at weeks 0, 7
and 14 of HFD feeding (blue, visceral fat (VAT); purple, subcutaneous fat (SAT);
scale bar = 20 mm). (B-C) VAT and SAT volumes at baseline, week 7, and week 14
mice. Results are meanzSE, ns, not significant; **p<0.01, *** P<0.001 and
****¥n<0.0001 by two-way ANOVA with Tukey’s multiple comparison test (Hossain et
al., 2023).
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Figure 12
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Figure 12: Gpr75 deficient mice show no differences in fat free mass at
baseline or after 14-weeks of HFD compared to WT (Hossain et al., 2023).

Fat free mass (volume) calculated from the microCT images as total body volume -
fat volume (VAT+SAT) in male (A) and female (B) WT and KO mice at week 0 and
week 14. Results are mean+SE; ns, not significant; **p<0.01, *** P<0.001 and
****¥n<0.0001 by two-way ANOVA with Tukey’s multiple comparison test (Hossain et
al., 2023).
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H&E staining of VAT, SAT, and BAT sections showed no morphological
differences between WT and KO mice at baseline regardless of sex, particularly there
were no differences in adipocyte size. However, after 14 weeks of HFD feeding,
adipocyte size from VAT and SAT sections of male WT mice markedly increased (3-
fold) to 9396.124+433.37 and 8642.198+240.65 um? respectively (Figure 13A-C).
Male KO adipocytes were significantly smaller in size compared to WT,
4462.05+460.49 and 4118.62+676.76 pm? for VAT and SAT respectively (Figure
13A-C). A similar trend was seen in female mice, where VAT and SAT of WT mice
increased significantly after HFD feeding to 5921.307+551.219 and 5783.41+ 233.19
um? respectively (Figure 14A-C). Female KO adipocyte size was largely unchanged
from baseline in both VAT and SAT, 2556.162+175.20 and 2843.828+325.186 pm?
respectively (Figure 14A-C). H&E staining of BAT sections show that WT adipocytes
obtain large lipid droplets after HFD feeding, which were much smaller and fewer in
number in KO BAT sections regardless of sex (Figure 13A and 14A) (Hossain et al.,

2023).
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Figure 13: VAT, SAT, and BAT sections of male Gpr75 deficient mice have
smaller adipocytes compared to WT mice after HFD-feeding (Hossain et al.,
2023).

(A) Representative H&E staining (B-C) Visceral and subcutaneous adipocyte size
analysis at baseline and week 14 of HFD. Results are meanzSE (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 (Hossain et al., 2023).

38



Figure 14
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Figure 14: VAT, SAT, and BAT sections of female Gpr75 deficient mice have
smaller adipocytes compared to WT mice after HFD-feeding (Hossain et al.,
2023).

(A) Representative H&E staining (B-C) Visceral and subcutaneous adipocyte size
analysis at baseline and week 14 of HFD. Results are meanzSE (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 (Hossain et al., 2023).
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Leptin is an adipokine that regulates many physiological processes from food
intake and nonshivering thermogenesis to reproduction and angiogenesis. Its actions
are mediated by the LepRb receptor in the hypothalamus. Leptin tends to have a
paradoxical role in obesity — low levels of leptin are associated with high food intake
and obesity development, while high levels of leptin are associated with leptin
resistance and obesity as well. Our data shows that 14 weeks of chow diet feeding
results in no differences in plasma leptin levels between genotypes, 1236.36+114.035,
1475.27£139.47, and 1253.041+£100.42 ng/mL for WT, HET, and KO respectively
(Figure 15A). However, 14 weeks of HFD feeding caused a 31-fold increase in
plasma leptin for WT mice (Figure 15A). HFD feeding caused significantly attenuated
increases in plasma leptin for HET and KO, 14- and 6-fold respectively (Figure 15A).

Adiponectin is another adipokine that has been shown to have robust insulin
sensitizing effects. In fact, doxycycline inducible deletion of adiponectin in mature
adipocytes impairs glucose tolerance, while AdipoR1 agonists have been shown to
ameliorate diabetes in obese rodent models. Our data shows that 14 weeks of chow
diet feeding results in no significant differences in plasma adiponectin between
genotypes. After HFD feeding plasma adiponectin levels were higher in both HET and
KO mice, by 51 and 58% respectively, compared to corresponding mice on control
diet and WT mice on HFD (Figure 15B). HFD fed WT mice had 7-fold higher values
of leptin-to-adiponectin (Figure 15C) (Hossain et al., 2023).

Resistin is another adipokine linked to obesity. While its exact role in the
development of insulin resistance is unknown, numerous studies have shown high

serum levels of resistin in obese and diabetic patients. Our data showed no
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differences in plasma resistin after CD feeding 97228.8+16909.25,
65670.04+15409.62, and 83660.09+6034.9 pg/mL for WT, HET, and KO respectively
(Figure 16A). 14 weeks of HFD feeding increased levels to 174314.2+15409.62,
138677.3+10068.58, and 132712.1+11310.95 pg/mL for WT, HET, and KO
respectively (Figure 16A). Likewise, plasma levels of plasminogen activator inhibitor-
1 (PAI-1), which has been characterized as a functional biomarker of metabolic
syndrome, showed no differences between genotypes after CD feeding. However,
after 14 weeks of HFD feeding WT mice displayed a 2-fold increase, which was not
seen in HET or KO mice, 1320.063+181.39, 530.56+42.64, and 443.23+79.668 pg/mL

for WT, HET, and KO respectively (Figure 16B) (Hossain et al., 2023).
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Figure 15
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Figure 15: Gpr75 deficiency prevents HFD-induced adipose tissue dysfunction
(Hossain et al., 2023).

Plasma leptin (A) and (B) adiponectin after 14 weeks of chow (CD) or HFD feeding
in WT, HET, and KO mice. (C) 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
(Hossain et al., 2023).
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Figure 16
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Figure 16: Gpr75 deficiency prevents HFD-induced adipose tissue dysfunction
cont. (Hossain et al., 2023).

Plasma resistin (A) and (B) PAI-1 after 14 weeks of chow (CD) or HFD feeding in
WT, HET, and KO mice. 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 (Hossain et al., 2023).
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All genotypes showed similar levels of fasting blood glucose (FBS) at baseline
with male WT, HET, and KO mice at 119+7, 120+£7 and 1259 mg/dL, respectively,
and female mice at 102+3, 993 and 100+£3 mg/dL, respectively (Figure 17A-B). FBS
significantly increased in all genotypes at weeks 7 and 14 of HFD feeding, although
the increases were attenuated in HET and even more significantly so in KO mice
regardless of sex. FBS levels after 14 weeks of HFD feeding were 232+7, 1957 and
172+6 mg/dL for WT, HET, and KO males, respectively (Figure 17A-B). Surprisingly,
female KO mice experienced no hyperglycemia in response to HFD feeding; 1674,
12945 and 109+2 mg/dL for WT, HET, and KO, respectively (Figure 17A-B) (Hossain

et al., 2023).
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Figure 17: Gpr75 deficiency attenuates HFD-induced increases in fasting
blood sugar (FBS) (Hossain et al., 2023).

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. 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 (Hossain et al., 2023).
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Since T2DM is characterized by an inability to clear glucose from the blood, an
intraperitoneal glucose tolerance test was performed. Figure 18A-C shows measured
blood glucose values for male WT, HET, and KO mice over a 120-minute interval post
glucose challenge at weeks 0, 7, and 14 of HFD feeding. Area under the curve (AUC)
analysis shows that male WT mice had a significant increase in AUC from week 0O to
14, 1225+55.03 vs 2669+65.69. Male KO mice did not show significant increases in
AUC from week 0 to 14, 1182+63 vs 1988+182 (Figure 18D-F). This indicates that
Gpr75-deficiency attenuates HFD-induced impairment in glucose clearance seen in
WT animals. Similar trends were observed in female mice, with WT mice showing
significant increases in AUC from week 0 to 14, 1098+63.14 vs 2366+49. While KO
mice were largely protected, 1065+39.66 vs 1307+79 for week O and week 14

respectively (Figure 19A-F) (Hossain et al., 2023).
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Figure 18
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Figure 18 (above): Gpr75 deficiency attenuates HFD-induced impairment of
glucose clearance after glucose challenge in males (Hossain et al., 2023).

(A-C) Glucose tolerance test (GTT) as percent change from baseline for WT, HET,
and KO males at weeks 0, 7 and 14 of HFD feeding. (D-F) Area under curve
analysis. 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 (Hossain et

al., 2023).

Figure 19 (below): Gpr75 deficiency attenuates HFD-induced impairment of
glucose clearance after glucose challenge in females (Hossain et al., 2023).

(A-C) Glucose tolerance test (GTT) as percent change from baseline for WT, HET,
and KO females at weeks 0, 7 and 14 of HFD feeding. (D-F) Area under curve
analysis. Results are mean+SE (n=8); ns, not significant; **p<0.01, *** P<0.001 and
****%n<0.0001 by two-way ANOVA with Tukey’s multiple comparison test (Hossain et

al., 2023).
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Figure 19
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To further assess the HFD-induced impairment in glucose clearance seen in
WT mice, an intraperitoneal insulin tolerance test was performed. Figure 20A-C
shows measured blood glucose values for male WT, HET, and KO mice over a 120-
minute interval post insulin challenge at weeks 0, 7, and 14 of HFD feeding. Again,
area under the curve (AUC) analysis shows that male WT mice had a significant
increase in AUC from week 0 to 14, while KO animals did not, 423.5£14.04 vs
831.3+58.12 and 431+15 vs 412+27 for WT and KO respectively (not shown). This
indicates that HFD-feeding causes impairment in glucose clearance in WT mice even
in the presence of insulin (i.e., insulin resistance). HET and KO mice showed
significantly attenuated insulin resistance in an allele-dependent manner compared to
WT mice. A similar pattern was seen in female mice with WT mice showing significant
increases in AUC from week 0 to 14, 414.20+23.22 vs 594.9+17.63 and 369+20 vs

372+19 for WT and KO respectively (Figure 20D-F) (Hossain et al., 2023).

Figure 20 (below): Gpr75 deficiency attenuates HFD-induced impairment of
glucose clearance after insulin challenge (Hossain et al., 2023).

Insulin tolerance test (ITT) as percent change from baseline for WT, HET, and KO
males (A-C) and females (D-F) at weeks 0, 7 and 14 of HFD feeding. (D) Area under
curve analysis. 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 (Hossain et al., 2023).
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After 14 weeks of control diet feeding plasma insulin was not different between
all three genotypes 2189+106.08, 2819+361.91, and 2136420 ng/mL for WT, HET,
and KO respectively. However, in response to HFD feeding, levels of insulin rose by
6-fold in WT mice to 13288.06+£1582.211 ng/mL (Figure 21A). HET and KO mice
displayed an attenuated increase in an allele-dependent manner. HFD-fed KO mice
had plasma insulin levels rise by only 2-fold to 5195+696.01 ng/mL (Figure 21A).
Measurement of HOMA-IR, commonly used as an indices of insulin sensitivity, further
indicated that Gpr75 deficiency protects against the development of insulin resistance.
Hence, HFD-fed WT mice displayed 3.5-fold higher HOMA-IR value than HFD-fed

HET and KO mice (Figure 21B) (Hossain et al., 2023).
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Figure 21: Gpr75 deficiency prevents HFD-induced insulin resistance (Hossain
et al., 2023).

(A) Plasma insulin after 14 weeks of chow diet (CD) or HFD feeding in WT, HET,
and KO mice. (B) Homeostatic model assessment of insulin resistance (HOMA-IR)
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 (Hossain et al., 2023).
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Aim 2: To determine if the protection from adiposity is linked to hypophagia or
energy expenditure

Energy intake during CD feeding tended to be higher for KO males compared
to WT, however it was not statistically significant (Figure 22A). When comparing
energy intake at week 14 vs 0 of CD feeding no genotype displayed any differences
(Figure 22B), which indicates stable caloric intake throughout the CD feeding
period. Female KO mice showed a similar trend with KO tending to consume more
than WT mice, through it was again not statistically significant (Figure 23A-B).
Energy intake was not significantly different between WT, HET, and KO at week O or
at any other week of the HFD feeding period, regardless of sex (week O energy
intake 96.09+4.13, 96.68+6.89, 90.51+3.04 kcal for WT, HET, and KO males:
93.06+3.52, 87.89+2.98, 88.89 +4.33 kcal for WT, HET, and KO females) (Figure
24A-B and 25A-B). All genotypes had higher energy intake at week 14 compared to
week 0 of HFD feeding, regardless of sex (101.36+£2.91, 97.27+4.1, and
107.96+1.34 kcal for WT, HET, and KO males: 105.57+2.19, 103.72+2.83, and
103.78+3.125 kcal for WT, HET, and KO females (Figure 24A-B and 25A-B)

(Hossain et al., 2023).
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Figure 22 _ )
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Figure 22: Male mice with Gpr75 deficiency display no differences in energy
intake compared to WT mice throughout 14 weeks of control diet (CD) feeding
(Hossain et al., 2023).

(A) Energy intake calculated from food consumption for male WT, HET, and KO
mice (n=3-4) (B) Comparison of energy intake at week 0 (baseline) and week 14
(end) of HFD-feeding. Results are meanzSE, ns, not significant, by two-way ANOVA
with Tukey’s multiple comparison test (Hossain et al., 2023).
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Figure 23 _ _
Female Energy Intake Trajectories
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Figure 23: Female mice with Gpr75 deficiency display no differences in energy
intake compared to WT mice throughout 14 weeks of control diet (CD) feeding
(Hossain et al., 2023).

(A) Energy intake calculated from food consumption for male WT, HET, and KO
mice (n=3-4) (B) Comparison of energy intake at week 0 (baseline) and week 14
(end) of HFD-feeding. Results are meanzSE, ns, not significant, by two-way ANOVA
with Tukey’s multiple comparison test (Hossain et al., 2023).
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Figure 24
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Figure 24: Male Gpr75 deficient mice show no differences in energy intake
compared to WT mice during HFD-feeding (Hossain et al., 2023).

(A) Energy intake calculated from food consumption for male WT, HET, and KO
mice (n=3-4) (B) Comparison of energy intake at week 0 (baseline) and week 14
(end) of HFD-feeding. Results are mean+SE, ns, not significant; **p<0.01, by two-
way ANOVA with Tukey’s multiple comparison test (Hossain et al., 2023).
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Figure 25 _ _
Female Energy Intake Trajectories
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Figure 25: Female Gpr75 deficient mice show no differences in energy intake
compared to WT mice during HFD-feeding (Hossain et al., 2023).

(A) Energy intake calculated from food consumption for male WT, HET, and KO
mice (n=3-4) (B) Comparison of energy intake at week 0 (baseline) and week 14
(end) of HFD-feeding. Results are mean+SE, ns, not significant; *p<0.05, by two-
way ANOVA with Tukey’s multiple comparison test (Hossain et al., 2023).
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Figure 26A-B shows that WT, HET, and KO mice had similar energy
expenditure at baseline and after 14 weeks of CD feeding. Surprisingly, energy
expenditure (EE) reduced by 25% in male and female WT animals after HFD feeding
(8.74+0.38 vs 6.50+0.81, week 0 vs week 14 for males: 8.83+0.47 vs 6.33£0.79,
week 0 vs week 14 for females (Figure 27A-B) and remained relatively unchanged
in KO mice in response to HFD-feeding regardless of sex (9.02+0.53 vs 8.22+8.55,
week 0 vs week 14 for males: 9.00+0.58 vs 8.61+.071 week 0 vs week 14 for
females) (Figure 27A-B). Whereas EE reduced in male HET mice, it remained

unchanged in female HET (Figure 27A-B) (Hossain et al., 2023).
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Figure 26
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Figure 26: Male and female mice with Gpr75 deficiency show no differences in
energy expenditure compared to WT mice throughout 14 weeks of CD feeding
(Hossain et al., 2023).

Energy expenditure calculated from VO2 at week 0 (baseline) and week 14 (end) of
CD-feeding for (A) males and (B) females (n=5-8). Results are mean+SE, ns, not
significant by two-way ANOVA with Tukey’s multiple comparison test (Hossain et al.,
2023).
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Figure 27
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Figure 27: Male and female Gpr75 deficient mice display attenuated HFD-
driven decreases in energy expenditure (Hossain et al., 2023).

Energy expenditure calculated from VO2 at week 0 (baseline) and week 14 (end) of
HFD-feeding for (A) males and (B) females (n=5-8). 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 (Hossain et al., 2023).
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Since energy expenditure can change in response to changes in body weight,
we analyzed energy expenditure by ANCOVA using total body mass (TBM) or lean
body mass (LBM) as covariates. This reiterated that at baseline KO and WT mice
had no differences in energy expenditure (Figure 28A-B males, and 30A-B,
females). As seen in figure 29A-B for males and 31A-B for females, KO mice had
higher energy expenditure compared to WT; however, the effect of TBM and LBM
was not significant TBM p=0.1229 and LBM p=0.4067 for males, TBM p=0.3356 and
LBM p=0.5829. This understates that differences in EE in response to HFD feeding
are due to the genotype. 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 (Hossain et al., 2023).
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Figure 28
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Figure 28: Baseline total energy expenditure (TEE) analyzed by ANCOVA with
total body mass (TBM) or lean body mass (LBM) as covariates for males
(Hossain et al., 2023).

Male Gpr75 deficient and WT mice have no differences in energy expenditure at
baseline with (A) total body mass (TBM) or (B) fat-free/lean body mass (LBM) as the
covariates (n=5) (Hossain et al., 2023).
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Figure 29
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Figure 29: Male total energy expenditure (TEE) analyzed by ANCOVA with total
body mass (TBM) or lean body mass (LBM) as covariates after HFD-feeding
(Hossain et al., 2023).

Male Gpr75 deficient mice have higher energy expenditure than WT mice after HFD
feeding. However, covariates (A) total body mass (p=0.1997) or (B) lean body mass
(p=0.5359) are not significant, which indicates that differences in energy expenditure
are due to genotype (n=5) (Hossain et al., 2023).
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Figure 30
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Figure 30: Baseline total energy expenditure (TEE) analyzed by ANCOVA with
total body mass (TBM) or lean body mass (LBM) as covariates for females
(Hossain et al., 2023).

Female Gpr75 deficient and WT mice have no differences in energy expenditure at

baseline with (A) total body mass (TBM) or (B) fat-free/lean body mass (LBM) as the
covariates (n=5) (Hossain et al., 2023).
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Figure 31
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Figure 31: Female total energy expenditure (TEE) analyzed by ANCOVA with
total body mass (TBM) or lean body mass (LBM) as covariates after HFD-
feeding (Hossain et al., 2023).

Female Gpr75 deficient mice have higher energy expenditure than WT mice after
HFD feeding. However, covariates (A) total body mass (p=0.1997) or (B) lean body
mass (p=0.5359) are not significant, which indicates that differences in energy
expenditure are due to genotype (n=5) (Hossain et al., 2023).
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Aim 3: To explore the potential cellular mechanisms underlying changes in
weight and glucose handling

The gene expression of Pgc1a, a transcriptional cofactor and master regulator
of mitochondrial biogenesis which plays a critical role in the regulation of adipogenesis
and in transforming WAT to brown fat-like adipocytes, was significantly increased, 1.5-
fold, in both BAT and SAT of KO males (Figure 32A-B) compared to WT at after 14
weeks of HFD-feeding. Female KO animals displayed 1.5- and 2.5-fold increases in
Pgc1a expression in BAT and SAT respectively (Figure 33A-B). Interestingly this
trend did not hold for VAT in males or females (Figure 32C and 33C). This correlated
with significant, 2.5- and 2-fold, increases in Ucpl (uncoupling protein 1), a
thermogenic gene marker, expression in BAT and SAT of KO (Figure 34A-B)
compared to WT males. Females displayed 3-, 6-, 3-fold increases in Ucpl in BAT,
SAT, and VAT (Figure 35A-C) compared to WT. Figures 36 and 37 show that
expression of Ucpl at baseline was significantly higher in KO BAT and SAT for both
males and females compared to WT. In VAT Ucpl expression tended to be higher in
KO compared to WT but it was not statistically significant (Figure 36C and 37C)

(Hossain et al., 2023).
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Figure 32
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Figure 32: Gpr75 deficient male mice display higher expression of Pgc1a in
BAT and SAT after 14 weeks of HFD feeding (Hossain et al., 2023).

(A) BAT, (B) SAT, (C) VAT mRNA expression of Pgc1a in WT and KO mice after

HFD feeding. Results are mean+SE (n=5); ns, not significant; * P<0.05, *P<0.01 by
unpaired t-test (Hossain et al., 2023).
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Figure 33
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Figure 33: Gpr75 deficient female mice display higher expression of Pgec1a in
BAT and SAT after 14 weeks of HFD feeding (Hossain et al., 2023).

(A) BAT, (B) SAT, (C) VAT mRNA expression of Pgc1a in WT and KO mice after

HFD feeding. Results are meanzSE (n=5); ns, not significant; * P<0.05, **P<0.01 by
unpaired t-test (Hossain et al., 2023).
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Figure 34
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Figure 34: Gpr75 deficient male mice display higher expression of Ucpl in
BAT and SAT after 14 weeks of HFD feeding (Hossain et al., 2023).

(A) BAT, (B) SAT, (C) VAT mRNA expression of Ucpl in WT and KO mice after

HFD feeding. Results are mean+SE (n=5); ns, not significant; * P<0.05, *P<0.01,
***P<0.001 by unpaired t-test (Hossain et al., 2023).
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Figure 35
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Figure 35: Gpr75 deficient female mice display higher expression of Ucpl in
BAT and SAT after 14 weeks of HFD feeding (Hossain et al., 2023).

(A) BAT, (B) SAT, (C) VAT mRNA expression of Ucpl in WT and KO mice after

HFD feeding. Results are mean+SE (n=5); ns, not significant; **P<0.01,
****P<0.0001 by unpaired t-test (Hossain et al., 2023).

71



Figure 36
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Figure 36: Gpr75 deficient male mice display higher expression of Ucpl in
BAT and SAT at baseline (Hossain et al., 2023).

(A) BAT, (B) SAT, (C) VAT mRNA expression of Ucpl in WT and KO mice after

HFD feeding. Results are mean+SE (n=5); ns, not significant; * P<0.05, by unpaired
t-test (Hossain et al., 2023).
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Figure 37
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Figure 37: Gpr75 deficient female mice display higher expression of Ucpl in
BAT and SAT at baseline (Hossain et al., 2023).

(A) BAT, (B) SAT, (C) VAT mRNA expression of Ucpl in WT and KO mice after

HFD feeding. Results are meanzSE (n=5); ns, not significant, *P<0.05, **P<0.01 by
unpaired t-test (Hossain et al., 2023).
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Western blot of UCP1 in BAT showed that KO had 1.37-fold higher protein
expression compared to WT after HFD feeding. This indicates that the increase in
Ucpl mRNA levels was associated with increased protein levels in KO compared to
WT mice after HFD feeding (Figure 38A-B). Moreover, assessment of BAT
mitochondrial function displays significantly higher maximal respiration in KO
compared to WT in response to ADP stimulation (Figure 39), supporting, at least in
part, the notion of increased thermogenic processes in KO mice compared to WT mice
under conditions of HFD feeding. The skeletal muscle isoform of Ucpl is Ucp3. Our
data indicates that there is a 1.5-fold increase in Ucp3 gene expression in KO males
compared to WT (Figure 40A). This is important as human beings do not possess
large brown fat depots as in rodents and adaptive thermogenesis tends to occur in
skeletal muscle. We also observed a 2-fold increase in mitofusin-1 (Figure 40B), in
skeletal muscle, indicating improvements in mitochondrial function (Hossain et al.,

2023).
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Figure 38: Gpr75 deficient mice display higher UCP1 protein levels compared
to WT after HFD feeding (Hossain et al., 2023).

(A) Western blot and (B) 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 (Hossain et al., 2023).
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Figure 39
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Figure 39: Mitochondria respiration in BAT from HFD-fed WT and KO mice
(Hossain et al., 2023).

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,
***+*%n<0.0001 by two-way ANOVA with Tukey’s multiple comparison test

(Hossain et al., 2023).
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Figure 40
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Figure 40: Gpr75 deficient male mice display higher expression of Ucp3 and
mfnl in skeletal muscle after HFD feeding (Hossain et al., 2023).

(A) Ucp3 and (B) mfnl mRNA expression in WT and KO mice after HFD feeding

Results are meanzSE (n=5); ns, not significant, *P<0.05, by unpaired t-test (Hossain
et al., 2023).
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As inflammation is a major consequence of obesity and implicated in the
pathogenesis of insulin resistance, tumor necrosis factor-alpha (Tnfa) gene
expression was measured in all three fat beds (VAT, SAT, and BAT). There were no
significant differences in Tnfa expression between WT and KO mice at baseline for
males (Figure 41A-C) or females (Figure 42A-C). After 14 weeks of HFD feeding
there were significant increases in Tnfa gene expression in BAT, SAT, and VAT of
WT mice compared to KO mice regardless of sex (Figure 43, males and 44,
females). This correlated with a 1.5-fold increase in Tnfa gene expression in skeletal
muscle (Figure 45). Since skeletal muscle is the site of almost 90% of insulin mediated
glucose uptake, we measured the levels of phosphorylated insulin receptor (tyrosine
972). Our data shows that phosphorylation of the insulin receptor at tyrosine 972 was
5.61-fold higher in skeletal muscle of KO mice compared to WT mice after HFD
feeding (Figure 46A-B). Furthermore, phosphorylated AKT (serine 473), which is a
primary target of activated insulin receptor, was 2.82-fold higher in KO vs WT mice
after HFD feeding (Figure 47A-B), suggesting that Gpr75 deletion preserves insulin

signaling and actions in the presence of HFD (Hossain et al., 2023).
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Figure 41
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Figure 41: Male WT and Gpr75 deficient mice show similar levels of tumor
necrosis factor alpha (Tnfe) at baseline (Hossain et al., 2023).

(A) BAT, (B) SAT, (C) VAT mRNA expression of Tnfa in WT and KO mice at

baseline. Results are mean+SE (n=4-6); ns, not significant; by unpaired t-test
(Hossain et al., 2023).
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Figure 42
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Figure 42: Female WT and Gpr75 deficient mice show similar levels of tumor
necrosis factor alpha (Tnfa) at baseline (Hossain et al., 2023).

(A) BAT, (B) SAT, (C) VAT mRNA expression of Tnfa in WT and KO mice at

baseline. Results are mean+SE (n=4-5); ns, not significant; by unpaired t-test
(Hossain et al., 2023).
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Figure 43
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Figure 43: Male Gpr75 deficient mice show protection from HFD-induced
increases in tumor necrosis factor-alpha (Tnfa) (Hossain et al., 2023).

(A) BAT, (B) SAT, (C) VAT mRNA expression of Tnfe in WT and KO mice after
HFD feeding. Results are mean+SE (n=5-6); ns, not significant; *** P<0.001 by
unpaired t-test (Hossain et al., 2023).
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Figure 44
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Figure 44: Female Gpr75 deficient mice show protection from HFD-induced
increases in tumor necrosis factor-alpha (Tnfa) (Hossain et al., 2023).

(A) BAT, (B) SAT, (C) VAT mRNA expression of Tnfa in WT and KO mice after

HFD feeding. Results are meanzSE (n=5-6); ns, not significant; ** P<0.01 by
unpaired t-test (Hossain et al., 2023).
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Figure 45
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Figure 45: Gpr75 deficient mice show protection from HFD-induced increases
in tumor necrosis factor-alpha (Tnfa) in skeletal muscle (Hossain et al., 2023).

Skeletal muscle mRNA expression of Tnfe in WT and KO mice after HFD feeding.
Results are meanzSE (n=5-6); * P<0.05 by unpaired t-test (Hossain et al., 2023).
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Figure 46
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Figure 46: Gpr75 deficiency prevents HFD-induced impairment of insulin
receptor phosphorylation (Hossain et al., 2023).

(A) Representative skeletal muscle western blot of WT, HET, and KO mice after 14
weeks of HFD feeding. (B) Densitometry analysis of bands. Results are mean+SE
(n=3); ns, not significant; *p<0.05, by two-way ANOVA with Tukey’s multiple
comparison test (Hossain et al., 2023).
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Figure 47
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Figure 47: Gpr75 deficiency prevents HFD-induced impairment of protein
kinase B (Akt) phosphorylation (Hossain et al., 2023).

(A) Representative skeletal muscle western blot of WT and KO mice after 14 weeks
of HFD feeding. (B) Densitometry analysis of bands. Results are mean+SE (n=3);
ns, not significant; **p<0.01, *** P<0.001 and ****p<0.0001 by two-way ANOVA with

Tukey’s multiple comparison test (Hossain et al., 2023).
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DISCUSSION

The role of GPR75 in diet-induced obesity (DIO) has become increasingly
evident (Akbari et al., 2021). While a 2022 report found that Gpr75 deficiency
attenuates HFD-driven weight gain as a result of hypophagia (Powell et al., 2022),
we did not observe any significant differences in caloric intake throughout our study.
Importantly, numerous publications have shown that genetic background tends to
influence phenotypes displayed by mutant mice (Doetschman, 2009). Therefore, it is
plausible that differences in caloric intake between our study and the study by
Powell et al. are the result of our Gpr75 null mice having a C57BL/6NTacXSW
background, compared to C57BL/6JX129SV by Powell et al. This undoubtedly
merits further investigation, nonetheless, based on our data we hypothesized that
Gpr75 deficiency attenuates HFD-driven weight gain by impacting metabolic energy
expenditure (Hossain et al., 2023).

Our data indicates that at baseline Gpr75 deficient mice were morphologically
similar to WT mice and had no differences in body weight or body composition (i.e.,
fat volume). During 14 weeks of chow diet feeding (13% kilocalories from fat) Gpr75
deficient and WT mice tend to display similar trajectories of weight gain; however,
during 14 weeks of HFD feeding (60% kilocalories from fat) Gpr75 deficiency
significantly attenuates weight gain compared to WT mice in an allele dependent
manner, regardless of sex. Our data indicates that when total body energy
expenditure was calculated from CO2 production and O2 consumption using the
Lusk equation (1.232*RQ+3.815*V02) there were no differences in energy

expenditure between WT and Gpr75 deficient mice at baseline, regardless of sex.
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However, HFD feeding significantly reduced energy expenditure compared to
baseline in WT mice (-25%), regardless of sex. Surprisingly, Gpr75 KO mice showed
no significant differences in energy expenditure after HFD feeding, regardless of
sex. These trends held true even after ANCOVA regression analysis with total body
mass or lean body volume as covariates, which underscores that changes in energy
expenditure seen in our study were the result of Gpr75 expression rather than
differences in body mass in WT compared to Gpr75 deficient mice. Interestingly, WT
and Gpr75 deficient mice displayed similar volumes of fat-free mass (i.e., muscle
mass) at baseline and after HFD feeding. This implies that HFD-driven changes in
body weight between WT and Gpr75 deficient mice were solely due to changes in fat
mass accumulation. Importantly, fat tends to be metabolically inert, and the
accumulation of fat typically has little effect on energy expenditure. However,
numerous publications indicate that fat accumulation affects energy expenditure
indirectly by impacting skeletal muscle function (Nesto et al., 2005). For example,
chronic overfeeding of saturated fatty acids has been shown to cause skeletal
muscle dystrophy — highlighted by mitochondrial dysfunction and a shift toward
mitochondrial fission rather than fusion — leading to a reduction in energy
expenditure in obese mice (Mollica et al., 2011). In fact, we have reported lower
expression of mitofusin-1, a mitochondrial fusion protein, in WT compared to Gpr75
deficient mice after HFD feeding (Hossain et al., 2023).

Reduced HFD-driven weight gain in Gpr75 deficient mice correlates with
reduced volume in adipose depots, particularly in VAT and SAT — both of which are

white adipose tissues (WAT). It has been well documented that excess energy is

87



stored in WAT, while BAT utilizes stored energy and dissipates heat (Ukropec et al.,
2006). Importantly, WAT has been shown to acquire a BAT-like phenotype through
the expression of BAT-specific genes — particularly Ucpl. UCP1 is a carrier protein
localized on the inner membrane of mitochondria. Because it transports protons into
the mitochondrial matrix without ATP generation UCP1 “uncouples” ATP synthesis
(Ukropec et al., 2006). Numerous publications have shown that UCP1 is involved in
regulation of energy homeostasis and plays an invaluable role in protection against
obesity. For example, mice with genetic deletion of Ucpl have been shown to be
sensitive to the development of obesity, while mice with overexpression of Ucpl
generally results in reduced diet-induced weight gain (Feldmann et al., 2008). Our
data robustly shows that male and female Gpr75 KO mice display higher expression
of Ucpl in BAT after HFD feeding. This may indicate an activation of BAT, which
typically occurs as a result of cold mediated sympathetic outflow and the activation
of beta-3 adrenergic receptors. Surprisingly, we also observed significantly higher
Ucpl expression in SAT of Gpr75 KO mice compared to WT after HFD feeding.
Under normal conditions the expression of Ucpl in WAT depots is negligible;
therefore, our data clearly indicates that SAT of Gpr75 KO mice has obtained a
brown-like phenotype. Importantly, we did not observe any significant differences in
Ucpl expression in the VAT of WT and Gpr75 KO animals, regardless of sex. This
indicates that Gpr75 deficiency only stimulates a white-to-brown shift (“browning”) of
SAT. However, it is worth mentioning that a UCP1-independent mechanism has
been shown to regulate thermogenesis in the VAT (lkeda et al., 2017). This requires

further investigation on our part. Finally, it should be noted that humans tend to
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possess less BAT when compared to rodents, thus UCP1 homologues are a very
important potential therapeutic target. UCP3 is a UCP1 homolog highly expressed in
human skeletal and cardiac muscles. In fact, studies show that transgenic mice with
Ucp3 in skeletal muscle are protected against HFD-driven obesity and show
increased energy metabolism (Ukropec et al., 2006). Our data indicates that Ucp3
expression was indeed increased in the skeletal muscle of Gpr75 deficient mice
compared to WT mice (Hossain et al., 2023).

The expression of UCP1 is regulated by the PPARY transcription factor;
however, numerous publications indicate that PPARY is unable to stimulate
transcription in the absence of peroxisome proliferator-activated receptor gamma
coactivator 1-alpha (Pgc-1a) (Besse-Patin et al., 2019). Our data shows that Pgc-71a
expression increased significantly in BAT and SAT of both male and female Gpr75
deficient mice compared to WT mice — indicating a correlation between Ucpl and
Pgcla expression in our transgenic mice. Measurement of oxygen consumption
from isolated mitochondria from the BAT indicates a higher respiration rate in Gpr75
KO compared to WT mice after HFD feeding, which clearly indicates increased
activity of the electron transport chain (ETC). In fact, isolated mitochondria from WT
mice display a respiration rate that may signal mitochondrial dysfunction. It has been
well documented that fatty acids are vulnerable to lipid peroxidation. Importantly,
lipid peroxides have lipotoxic effects on mitochondria — particularly on mtDNA —
leading to mitochondrial dysfunction (Li et al., 2022). We hypothesize that increased
activity of the electron transport chain, due to Gpr75 deficiency, stimulates glycolysis

and beta-oxidation of fatty acids, thus reducing circulating glucose and fatty acids.
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However, we did not measure any markers of glycolysis and beta-oxidation of fatty
acids, nor did we measure circulating free fatty acid levels. Furthermore, we did not
measure markers of mitochondrial dysfunction, such as the presence of mtDNA or
lipid peroxides in the plasma. In all, the roles of Gpr75 in metabolism and
mitochondrial bioenergetics undoubtedly merits further investigation (Hossain et al.,
2023).

In the obese state, macrophage and T-lymphocyte migration into adipose
tissue stimulates an inflammatory cascade through the release of pro-inflammatory
cytokines such as Tnfa. It is now known that Tnfa inhibits Ucpl expression in brown
adipocytes by interfering with Pgcla (Polyak et al., 2016). Furthermore,
inflammatory macrophage infiltration is reported to suppress white adipocyte
browning. While we did not measure immune cell infiltration into adipose tissue
beds, our data indicates that Tnfa expression in VAT and SAT of WT animals
showed a 6-fold increase after HFD-feeding. Remarkably, VAT, SAT, and BAT of
Gpr75 deficient animals did not display significant increases in pro-inflammatory
cytokine expression after HFD-feeding (Hossain et al., 2023).

Numerous publications have indicated that pro-inflammatory cytokines Tnfq,
IL-6 and IL-18 directly impair normal insulin signaling through activation of JNK or
IKKB/NF-kB signaling pathways. JNK activation and phosphorylation of the insulin
receptor substrate-1 (IRS-1) at serine-302 or serine-307 inhibits PI3K/Akt pathway
activation required for GLUT4 translocation in skeletal muscle. Importantly, FFAs
have been shown to directly induce activation JNK and IKKB/NF-kB signaling and

promote insulin resistance in the absence of cytokines (Puri et al., 2019; Sobczak et

90



al., 2019). As mentioned before, we did not measure the circulating levels of free
fatty acids; however, we did find that Tnfa expression in skeletal muscle was
significantly higher in WT compared to Gpr75 deficient mice after HFD feeding,
which correlates to the results seen in adipose tissue beds. Under normal
conditions, insulin stimulates glucose disposal in skeletal muscle and inhibits
lipolysis in adipose tissues. Our data shows that insulin receptor phosphorylation at
Tyrosine 972 — a major activation site — in skeletal muscle was maintained in Gpr75
deficient mice but not in WT mice after 14 weeks of HFD feeding. This correlated to
hyperglycemia in WT mice after HFD feeding, which was largely attenuated in Gpr75
deficient mice (FBS levels after 14 weeks of HFD feeding were 232+7, 195+7 and
17246 mg/dL for WT, HET, and KO males, respectively; 167+4, 12915 and 109+2
mg/dL for WT, HET, and KO females, respectively). It is worth noting that the
hyperglycemia displayed by WT males after HFD feeding is significantly higher than
published values for pure C57BL/6 mice. We assume these differences are due to
the fact that our mice are on a C57BL/6NTacXSW background. In fact, Mekada and
Yoshiki report that C57BL/6 substrains display different responses to high fat diet
intervention. In addition to hyperglycemia, WT mice displayed delayed clearance of
glucose from the blood in response to exogenous administration of insulin, which
was significantly attenuated in Gpr75 deficient mice. This may indicate a protection
from insulin resistance — which is further supported by hyperinsulinemia in WT
compared to Gpr75 deficient mice (13288.06£1582.21 vs 5195+696.01 ng/mL for
WT and KO respectively) and measurement of HOMA-IR (3.5-fold higher HOMA-IR

in WT vs KO) after HFD feeding. In summary we hypothesize that obesity induced
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inflammation, and a potential increase in circulating free fatty acids, impairs insulin
signaling in skeletal muscle, thus causing hyperglycemia and hyperinsulinemia —
hallmarks of T2DM (Hossain et al., 2023).

The mechanisms underlying Gpr75 deficiency and protection against HFD-
driven adiposity and insulin resistance may in fact involve the GPR75 putative
ligands — 20-hydroxyeicosatetraenoic acid (20-HETE) and C-C motif chemokine
ligand 5 (CCL5) — both of which have been shown to be potent inflammatory
mediators. 20-HETE has been shown to uncouple the endothelial nitric oxide
synthase (eNOS), thus reducing nitric oxide production while increasing superoxide
(Cheng et al., 2008). The resulting activation of nuclear factor (NF)-kb mediated pro-
inflammatory program increases secretion of 1I-6, 11-8, and Tnfa in the vasculature
(Cheng et al., 2010; Toth et al., 2013). Furthermore, 20-HETE has been shown to
stimulate neutrophil chemoattraction. Importantly, new studies indicate that
neutrophils themselves stimulate 20-HETE production, which is mediated by
hypochlorous acid (HOCI) induced activation of CYP4A11/20-HETE synthase
(Azcona et al., 2022). It is plausible that the HFD-driven expansion of adipose tissue
and infiltration of neutrophils increases 20-HETE levels in WT mice compared to KO
mice and effects insulin signaling. In fact, previous work from our lab found that 20-
HETE directly inhibits insulin-mediated insulin receptor phosphorylation in vitro and
in vivo (Gilani et al., 2018). 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 (Gilani et al., 2021; Hossain et al.,

2023).
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CCLS5, also known as RANTES, is a chemoattractant, therefore it stimulates
the migration of leukocytes. Like 20-HETE, CCL5 has been shown to directly
activate (NF)-kb signaling (Liu et al., 2014). It has also been shown to activate the
mitogen-activated protein kinase (MAPK) and signal transducer and activator of
transcription factor 3 (STAT3) pathways (Liu et al., 2014; Wang et al., 2012). The
natural receptors for CCL5 have been established as C-C chemokine motif receptor
1 (CCR1), CCR3, and CCR5; however numerous publications indicate that CCL5
also tends to bind to GPR75 (Dedoni et al., 2018; Liu et al., 2013; Pascale et al.,
2022). The role of CCL5 in disease states is well established. For example, CCL5
has been shown to mediate fibrogenic events during NAFLD development, and the
inhibition of CCL5 activity largely alleviates liver fibrosis in mice (Ambade et al.,
2019). Importantly, CCL5 has been shown to be a direct chemoattract for
macrophages. Since macrophage recruitment and resulting inflammation play key
roles in the development of adiposity, adipocyte dysfunction, and resulting insulin
resistance in obesity (Curat et al., 2004, 2006; Weisberg et al., 2003; Zeyda et al.,
2007), it may be reasonable to assume that the pairing of CCL5 to GPR75
contributes and promotes to HFD-driven metabolic risk. Importantly, studies from the
Schwartzman and Garcia Labs at New York Medical College have shown that 20-
HETE is a high-affinity GPR75 ligand, while CCL5 tends to be a low affinity ligand.
Furthermore, the binding of CCL5 to GPR75 inhibits 20-HETE pairing to GPR75
(Pascale et al., 2022). Therefore, the exact contributions of GPR75 and its ligands to
the metabolic complications of obesity merits further investigation. However, it is

worth mentioning that HFD tends to induce 20-HETE producing enzymes, and the
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excess production of 20-HETE may overwhelm CCL5-GPR75 pairing and play the
predominate role in HFD-driven inflammation (Hossain et al., 2023).

In conclusion, our experiments have provided robust evidence that GPR75
contributes to diet-induced adiposity and insulin resistance, as previously reported
by others (Akbari et al., 2021) We now provide a possible mechanism by which
Gpr75 deficiency offers this protection (i.e., maintenance of mitochondria function
and total body energy expenditure). 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. Importantly, future
studies should be directed towards the development of conditional Gpr75 knockout
mice in cells that contribute to the obese phenotype, e.g., beta cells and adipocytes.
In fact, our lab recently generated an adipocyte specific Gpr75 KO model, and our
preliminary data indicates that after 14 weeks of HFD feeding Gpr75 deficient mice
have attenuated weight gain compared to WT animals. Thus, indicating that the
primary site of GPR75 activity with regards to obesity may be in the adipose itself

(not shown) (Hossain et al., 2023).
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Significance

Obesity is now an epidemic in the United States. As mentioned before, the
CDC, from 2000 through 2018, estimates the prevalence of obesity increased from
30.5% to 42.4%. Combined with obesity associated metabolic complications,
including but not limited to hypertension, diabetes mellitus, cardiovascular diseases,
and cancers, the morbidity rate of obesity cannot be ignored. The orphan G-protein-
coupled receptor, GPR75, has been identified as a novel obesity gene, and Gpr75
deficiency in humans is now associated with leanness. We have shown that deficiency
of Gpr75 in mice attenuates high fat-diet driven weight gain, adiposity, adipocyte
hypertrophy, and insulin resistance. We further provide evidence that this protection
is possibly accounted for by reduction of inflammation, preservation of mitochondria
function, and maintenance of energy expenditure. It is clear that targeting GPR75 may
present a novel strategy to combat obesity-driven cardiometabolic diseases and
understanding the mechanisms underlying GPR75’s contribution to obesity is

paramount to any drug development (Hossain et al., 2023).
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Limitations and Future Directions

While we have provided robust data suggesting that Gpr75 deficiency
attenuates HFD-driven obesity and glucose intolerance by impacting energy
expenditure and adipose tissue phenotype, we acknowledge that this experiment
was not conduced in a thermoneutral environment for rodents. Room temperature
tends to stimulate sympathetic outflow in rodents and may impact indices of
browning. Furthermore, while our data shows statistically significant differences in
energy expenditure between WT and Gpr75 deficient mice after HFD-feeding, we
acknowledge that these differences are minor. Since both WT and Gpr75 deficient
mice tend to consume similar calories, it begs the question of whether nutrient
malabsorption plays a role rather than energy expenditure alone. Unfortunately, we
did not collect feces for nutrient analysis. Further investigation of plasma analytes —
with particular emphasis on lipids — may provide some insight regarding dietary
absorption. Also, our data indicates that while male and female Gpr75 deficient mice
show similar responses to HFD-feeding, females tend to have a stronger phenotype.
In the present study we could not address this issue. A future study involving
ovariectomy of Gpr75 deficient females may provide some insight into the estrogen-
GPRY75 interaction. Finally, we acknowledge that genetic deletion of Gpr75 offers
only a preventative therapy for obesity, which is not clinically relative. A future study
testing the effectiveness of GPR75 blockers in reversing obesity and metabolic

complications is critical.
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