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ABSTRACT OF THE DISSERTATION

Genetic and Environmental Causes of Obesity and Their Impact on Hypothalamic
Function and Pituitary Plasticity

by

Rebecca E. Ruggiero

Doctor of Philosophy, Graduate Program in Biomedical Sciences
University of California, Riverside, September 2023
Dr. Djurdjica Coss, Chairperson

Obesity is a chronic disease that is increasingly becoming a global public health
concern. Obesity is associated with type 2 diabetes, cardiovascular disease, stroke and
endocrine abnormalities. In addition, there are sex differences in obesity mediated
pathologies, such as obese men are more at risk for developing metabolic syndrome and
cardiovascular disease than obese women. The hypothalamus regulates a wide variety of
homeostatic processes, including food intake and energy expenditure, which are tightly
regulated in order to maintain proper energy homeostasis.

Genetic causes of obesity are largely hypothalamic in origin, however obesity is
multifactorial, consisting of both genetic and environmental components that contribute
to the steadfast increase in its prevalence. In addition, the hypothalamus regulates the
pituitary gland, an endocrine organ that is responsible for the synthesis and secretion of

hormones that are important in the regulation of basal metabolism, reproduction and

viii



stress, all of which are dysregulated in obese patients. This work aims to elucidate genetic
and environmental causes in hypothalamic and pituitary dysfunction in obesity.

Our studies identified a new genetic target, fragile X messenger ribonucleoprotein 1
(FMR1) in the regulation of energy expenditure in the hypothalamus and etiology of
FMR -linked obesity in mice. We proposed that FMRI1 is critical in the regulation of pro-
opiomelanocortin (POMC) neuron function in the regulation of food-foraging locomotor
activity. We also investigated the effects of diet-induced obesity, as diet is a main
environmental factor in obesity, in pituitary gland homeostasis. We determined that diet-
induced obesity alters pituitary plasticity, primarily in somatotrope and lactotrope
populations that secrete growth hormone (GH) and prolactin, respectively, altering
downstream hormone production. In a separate study, we investigated sex differences in
diet-induced obesity pathogenesis and demonstrated that macrophage secreted protein,
resistin-like molecule alpha (RELMa), critically protects females against diet-induced
obesity. Collectively, these studies implicate a new genetic target in hypothalamic
regulation of energy homeostasis and that diet-induced obesity alters pituitary plasticity

and hormone production, which could explain endocrine dysfunction in obesity.
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CHAPTER ONE:
Introduction to genetic and environmental causes of obesity and their impact on the

hypothalamus and pituitary gland



1.1 The Obesity Epidemic: a costly and deadly disease

Obesity is a chronic disease that is increasingly becoming a global public health
concern. In the United States (U.S.) and worldwide, obesity is also associated with type 2
diabetes, heart disease, stroke, and some types of cancers, all of which are the leading
causes of death. Over 50% of the global adult population will either become obese or
overweight by 2030 [1]. In the U.S., over 60% of population are overweight, and over
33% are obese. The increase in obesity leads to significant economic burden of $173
billion yearly in the US [2]. The obesity epidemic has drastically increased in the last
couple of decades and correlates with change in our environment and lifestyle including

western diet, physical inactivity, sedentary lifestyle and lack of sleep [3, 4].

Obesity is a complex disease, arising from genetic and environmental contributions.
Genetic variants in several genes or a single gene mutation can contribute to obesity by
increasing huger and food intake, leading to dysregulated energy homeostasis. In
addition, environmental changes and social determinants of health (SDOH), such as the
condition in which an individual works, lives and learns, affect chronic disease outcomes
and risks, including obesity. Racial, ethnic, socioeconomic groups, as well as physical

and mental disabilities influence obesity.

Obesity-mediated pathologies result from an imbalance between energy intake and
expenditure, leading to an accumulation of excess adipose tissue. The hypothalamus and
pituitary gland are key components of the central nervous and endocrine systems that
play a critical role in the regulation of energy homeostasis and metabolism and are sites

of dysregulation in obesity.



Therefore, it is critical to understand the genetic and environmental contributors that give
rise to disease progression and contribute to hypothalamic and pituitary gland

dysfunction.

1.2 The Hypothalamic-Pituitary Axis

The hypothalamus functions in conjunction with the pituitary gland through the
hypothalamic-pituitary axis. This axis contains intricate endocrine loops with a central
role in maintaining homeostasis by integrating physiological and endocrine inputs with
neuronal and hormonal outputs. The hypothalamus is a small area of the brain located
underneath the thalamus. Among other functions, the hypothalamus functions as a
complex neuroendocrine circuit, comprised of several nuclei containing neurons that
produce a number of neuropeptides and neurohormones that are important for a variety of
homeostatic processes, such as thermoregulation, food intake, energy expenditure,

circadian rhythm and reproduction [5].

Hypothalamic neuronal cell bodies, located in different nuclei in the hypothalamus,
synthesize a variety of hormones. Thyrotropin-releasing hormone (TRH), gonadotropin
releasing hormone (GnRH), growth hormone-releasing hormone (GHRH) and
corticotropin releasing hormone (CRH) are hormones that are produced and secreted
from their respective neuronal populations and travel through an intricate hypophyseal
portal system that is located at the base of the hypothalamus and connects to the anterior

pituitary gland, in order to regulate pituitary function. In addition to hormones, several



other nuclei in the hypothalamus produce and secrete neuropeptides that are important in
the regulation of food intake and energy expenditure. Neuropeptide Y (NPY), Agouti-
related peptide (AgRP), pro-opiomelanocortin (POMC) and orexin are produced and
secreted from their respective neuronal cell bodies in the arcuate (ARC) nucleus of the
hypothalamus and act as the major control center in the hypothalamus in regulating
energy homeostasis. These ARC neuronal populations are located near the median
eminence (ME), which possess special vascularized arrangements of endothelial capillary
cells, which allow them to sense nutrient signals coming from the periphery. Disruptions
in the production and secretion of these neuropeptides are well characterized examples of

monogenic and polygenic obesity, which will be described later in this text.

The pituitary gland is the master endocrine gland and plays a critical role in
physiological homeostasis by integrating peripheral signals from the hypothalamus to
regulate synthesis and secretion of pituitary hormones into the circulation. The pituitary
gland comprises of the anterior (adenohypophysis) and posterior (neurohypophysis)
lobes. There are six principal hormones that are synthesized and secreted by specialized
cells of the anterior pituitary: prolactin, thyroid-stimulating hormone (TSH),
adrenocorticotropin (ACTH), growth hormone (GH), luteinizing hormone (LH) and
follicle-stimulating hormone (FSH). Synthesis and secretion of pituitary hormones are

regulated at the level of the hypothalamus by the hypothalamic releasing hormones.



1.3 Sex differences in obesity-mediated pathologies

Obesity is state of chronic inflammation and increased adiposity. Obese adipose tissue
is characterized by infiltration of pro-inflammatory macrophages, causing inflammation
[5, 6]. This increase in macrophage infiltration is a consequence of increased adiposity
and exposure to free fatty acids that are present in high fat diets (HFD). In humans and
mice, male and females differ in their composition of their fat depots, as well as obesity-
associated diseases. Males preferentially accumulate fat in visceral adipose tissue,
whereas females accumulate their fat mass in subcutaneous adipose tissue. The
accumulation of visceral adipose tissue in males has negative consequences for metabolic
health, whereas accumulation of subcutaneous adipose tissue in females is thought to be
protective [7]. Visceral depots contain a higher density of infiltrating macrophages and
pro-inflammatory cytokines than do subcutaneous depots, suggesting that obese males
are more likely to suffer from chronic inflammation and negative effects of metabolism,
than females [8-10]. In addition, this increase in visceral adiposity in males has been
highly correlated with increased cardiovascular disease, type 2 diabetes and metabolic
syndrome. Since visceral adiposity is associated with metabolic syndrome, differential fat
accumulation may explain why males have a higher propensity for obesity-mediated

pathologies.



1.4 Genetic contributions to obesity

Twin studies revealed that the hereditability of body mass index (BMI) is between 40-
70% [11]. Genetic contribution to obesity can be classified as: monogenic and polygenic
obesity. Monogenic obesity is caused by mutations of a single gene, typically causing
severe early onset-obesity. These mutations account for about 10% of obese patients with
known genetic causes. Polygenic obesity, also known as “common obesity”, is associated
with single nucleotide polymorphism of 244 genes cited so far in mice and 253
quantitative trait loci in humans [4, 12]. While common, polymorphic variants have a
modest effect in obesity, in comparison to monogenic obesity. Genome Wide Association
Studies (GWAS) have been instrumental in identifying different variants that are
associated with susceptibility to obesity [13-14]. Interestingly, many genes associated
with obesity are involved in neural function, specifically in pathways that regulate
appetite, food intake and energy homeostasis [13-14]. Most notable gene mutations in
monogenic obesity are mutations in the leptin-melanocortin circuitry, including leptin
(LEP), leptin receptor (LEPR), pro-opiomelanocortin (POMC) and melanocortin-4-
receptor (MC4R), a circuit that is important in modulating mammalian appetite and
energy expenditure. These were first identified in mice. In addition to genes involved in
feeding circuitry, mutations in genes that have pleiotropic effects and cause syndromes
are also associated with obesity. These syndromes that are associated with obesity
include Prader-Willi syndrome (PWS), Bardet-Biedel syndrome (BBS), and Fragile X

syndrome (FXS) are associated with obesity.



To study obesity, animal models have been exposed to high fat diet. However,
different inbred mouse strains respond differently to diet. Strains including A/J, FBV/NJ
and BALB/cJ strains are resistant to diet-induced obesity (DIO), whereas C57BL/6J
strains gain weight [15-16]. In particular, the C57BL/6J mouse strain is a good model of
human metabolic syndrome, because it develops obesity, hyperinsulinemia,
hyperglycemia and hypertension when given ad libitum access to high fat diet (HFD)
[17-19]. The C57BL6/J mouse strain exhibits slightly worse metabolic parameters in
response to long HFD exposure due to mutation of the nicotinamide nucleotide
transhydrogenase (Nnt) gene, versus the C57BL/6N strain [20]. Comparison on genetic
makeup of these different strains may lead to the identification of additional genes that

contribute to obesity.

1.5 Leptin (LEP) and leptin receptor (LEPR)

Leptin is an adipokine that is expressed, produced and secreted by white adipose
tissue in proportion to fat mass [21]. Leptin is a product of the obese (ob) gene.
Following synthesis and secretion from adipocytes in white adipose tissue, leptin crosses
the blood-brain barrier and binds to its receptor, the leptin receptor (LEPR) in order to
regulate body mass via negative feedback mechanisms between adipose tissue and the
hypothalamus. Leptin also regulates food intake, energy expenditure and reproductive
function and plays a role in proinflammatory immune responses, lipolysis and

angiogenesis [22-23].



The role of leptin in obesity was identified in studies of severely obese ob/ob mice,
which harbor mutation in the LEP gene, resulting in the complete lack of circulating
leptin [24]. Mice deficient in leptin triggered other comorbidities aside from obesity,
including hyperphagia, hyperinsulinemia, corticosterone excess and infertility [24]. The
leptin receptor is encoded by the diabetes (db) gene and when deleted in db/db mice, are

unresponsive to endogenous or exogenous leptin [25-28].

Leptin is essential for the regulation of satiety and energy balance in the melanocortin
circuitry. Leptin regulates satiety by stimulating the expression of anorexigenic
neuropeptides, pro-opiomelanocortin (POMC) that is processed to alpha-melanocyte
stimulating hormone (aMSH). Leptin inhibits orexigenic neuropeptides, neuropeptide Y
(NPY), agouti-related peptide (AgRP) and orexin [29-30]. When bound to its receptor on
these neuronal populations in the arcuate (ARC) nucleus of the hypothalamus, it
decreases food intake. In addition to leptin’s role in modulating neuropeptide release,
leptin has been shown to modulate innervation of these neuronal populations. Synaptic
density of NPY/AgRP and POMC neurons differ between ob/ob and wild-type mice, and
leptin treatment normalizes synaptic density hours before affecting food intake,
suggesting that leptin can also act by modulating neuronal plasticity in the hypothalamus

[31-32].

Recent studies suggested that leptin’s anorexigenic effects are not brain region
specific. Obese mice on high-fat diet (HFD) exhibit leptin resistance in the ARC and
ventral tegmental area (VTA) while the lateral hypothalamus (LH), ventromedial

hypothalamus (VM) and the dorsomedial hypothalamus (DMH) stayed sensitive to leptin



[33], suggesting that the ARC and VTA are leptin-responsive areas in the brain. In
addition, lentiviral downregulation of the Ob gene in the ARC promoted diet-induced

obesity in rats, demonstrating that the ARC has a role in leptin resistance in obesity [34].

Monogenic forms of childhood obesity due to mutations (point mutations, frameshift
mutations and nonsense mutations) in the leptin gene result in congenital leptin
deficiency, leading to defects in synthesis and/or secretion of leptin [35]. Individuals
carrying one functional copy of the LEP gene exhibit diminished serum leptin levels and
show normal birthweight followed by rapid weight gain, hyperphagia, hyperinsulinemia,
immune dysfunction and hypogonadotropic hypogonadism [36-37]. A total of 67
congenital leptin deficiency cases have been identified, including 39 cases of frame-shift
mutations, 20 missense mutation carriers and three individuals with nonsense mutations

[38].

In patients and mice with diet-induced obesity, leptin expression and secretion are
high, as these two parameters are correlated with body fat and adipocyte size [39-40].
Hyperleptinemia, and the inability for elevated leptin to sufficiently regulate appetite is
coined “leptin resistance.” Leptin resistance occurs due to reduced LEPR expression or
disturbed leptin signaling [41]. Although loss of receptor function contributes to this
resistance, more common mechanisms include defects in signaling pathways that regulate
leptin signaling in addition to decreased transport of leptin across the blood-brain barrier

[41-42].



1.6 The Melanocortin System

The melanocortin system is found in several nuclei of the hypothalamus and refers to
a set of neural circuits and neuropeptide products that play a central role in the regulation
of food intake and energy expenditure in mammals. This system is comprised of pro-
opiomelanocortin (POMC) neurons, agouti-related peptide (AgRP)/neuropeptide Y
(NPY)-expressing neurons and melanocortin receptors. POMC and AgRP neuronal cell
bodies are found in the arcuate (ARC) nucleus of the hypothalamus. The ARC is located
in the mediobasal hypothalamus and forms a morphological and functional entity with the
median eminence. The ARC is an important nutrient sensor and integrates nutrient-state
communicating signals from the periphery, which then act on AgRP/NPY or POMC

neurons to facilitate changes in food intake and energy expenditure.

POMC and AgRP/NPY neurons have classically been shown to act in opposition to
modulate appetite and energy expenditure [43]. POMC neurons are anorexigenic and
when stimulated, POMC is processed into neuropeptide products that act on second-order
neurons in the ventromedial hypothalamus (VMH) to induce satiety and the
melanocortin-4- receptor (MC4R)-expressing neurons in the paraventricular nucleus
(PVN) to increase energy expenditure. Conversely, AGRP/NPY neurons are orexigenic.
AgRP that is released from AgRP/NPY neurons acts as a competitive antagonist of the
MCA4R receptor in PVN, where it inhibits energy expenditure and simulates rapid food
intake. AgRP/NPY also sends projections to the lateral hypothalamus (LH), another
major orexigenic nucleus in the hypothalamus, however the mechanisms by which AgRP

neurons control LH neuronal subsets remain unresolved. AgRP/NPY neurons also

10



provides direct inhibitory input to POMC neurons via GABAergic receptors, to modulate

neuronal activity and keep the regulation of the circuitry in a tight loop.

It has been well characterized that mutations in genes that make up the melanocortin
circuitry lead to obesity in humans and mice. In 2020, the U.S. Food and Drug
Administration (FDA) approved the MC4R agonist, setmelanotide, for chronic weight
management in adult and pediatric patients with obesity due to mutations in the POMC
and MC4R gene [44]. Briefly, we describe in detail mutations in this circuitry and their

role in obesity pathologies.

1.7 Pro-opiomelanocortin (POMC)

Pro-opiomelanocortin (POMC) is a prohormone that is post-translationally processed
into active neuropeptide hormones, melanocortin’s (a- and y melanocyte-stimulating
hormones (MSHs)), endorphins (B-endorphin) in the hypothalamus and corticotropins
(adrenocorticotropic hormone (ACTH)) in the anterior pituitary gland. POMC is highly
expressed in the pituitary gland and the hypothalamus. Tissue-specific differences in
POMC processing are important in neuropeptide production and downstream function.
For example, ACTH is the major product in the anterior pituitary gland, while aMSH,
YMSH and B-endorphin are the major products in the hypothalamus and intermediate lobe
of the pituitary gland. ACTH production and secretion from the pituitary gland acts on
the adrenal glands in order to facilitate cortisol production and secretion, which is

important in the response to stress and regulation of glucose levels. Conversely,

11



melanocortin and endorphin neuropeptide products from POMC neurons in the
hypothalamus are important in the stimulation of satiety and regulation of energy

expenditure.

Processing of POMC prohormone into mature peptides is accomplished by a series of
steps and cellular locations, involving the endoplasmic reticulum (ER), golgi, trans-golgi
network and secretory granules. Specifically, POMC is cleaved and N-linked
glycosylated in the ER, phosphorylated in the golgi, and broken down into peptides via
peptidase activity in the trans-golgi and in secretory granules [45]. Two major
endopeptidases, prohormone convertase 1/3 (PC1/3) and prohormone convertase 2 (PC2)
are important in the processing of POMC into a-MSH, y-MSH and ACTH [46].
Carboxypeptidase E is important in processing POMC to B-Endorphin that further
undergoes additional post-translational modifications. Tissue-specific processing of
POMC not only depends on location and expression of POMC but also specificity of
prohormone convertase expression. For example, single-nucleus RNA sequencing of
neurons in the mouse hypothalamus found that most POMC-positive cells express PC1/3
and PC2, while a smaller number express only PC1/3 [47-48]. Corticotropes in the
anterior pituitary gland that process POMC into ACTH express PC1/3, whereas
melanotropes in the intermediate lobe express both PC1/3 and PC2 to process ACTH into
CLIP and a-MSH, thus specificity of endopeptidases are important in driving tissue-

specific POMC processing.

POMC neuronal cell bodies are centrally located in the ARC of the hypothalamus,

which is an important nutrient sensing area of the brain, and these neurons, along with

12



AgRP/NPY neurons are tightly regulated to maintain energy homeostasis. Nutrients,
hormones and neurotransmitters have been studied and shown to play a role in
modulating POMC neuronal activity and regulation of satiety and energy expenditure.
The adipokine leptin, activates POMC neurons and acts on pre-synaptic GABAergic
neurons, such as AgRP/NPY neurons, to reduce inhibitory tone to POMC neurons,
leading to decreased food intake [49]. Leptin receptor (LEPR) deletion on POMC
neurons throughout development has been shown to lead to mild obesity and
hyperglycemia in mice, however deletion of the receptor from POMC neurons in adult
mice doesn’t lead to changes in body weight, food intake, or energy expenditure [50],
suggesting that POMC neurons are not a direct target of leptin in obesity. Leptin has also
been shown to depolarize POMC neurons and decrease GABA-tone onto POMC neurons
[51]. Insulin has been shown to modulate POMC neuronal activity in the regulation of
glucose metabolism, however its effects are controversial. Insulin has been classically
thought to inhibit POMC neurons [52], however a recent report demonstrated that
activation of insulin receptor on a subset of POMC neurons increases their firing rate
[53]. Ghrelin, a hormone produced by enteroendocrine cells of the GI tract in response to
hunger, strongly inhibits POMC neuronal activity, indirectly by activating AgRP/NPY

neurons, which sends GABAergic synapses to POMC neurons [51, 54].

A majority of POMC neurons are found in the ARC of the hypothalamus, where they
regulate satiety and energy expenditure. A small population (~10%) of POMC neurons
are also found in the nucleus of the solitary tract (NTS) in the brainstem. Both neuronal

populations are important in the regulation of satiety. Whole brain mapping studies

13



demonstrate distinct inputs to ARC POMC neurons and NTS POMC neurons. ARC
POMC inputs primarily receive projections from AgRP neurons, as well as the brain stem
and areas of the forebrain, whereas POMC NTS neurons receive inputs from other areas
of the brainstem, such as the pons and medulla and visceral afferents from
cholecystokinin neurons in the gastrointestinal tract [55-56]. While both populations
regulate satiety, their mode of suppressing feeding behavior occurs at different time
scales. Pharmacogenetic methods activating both neuronal populations individually
demonstrate that ARC POMC neurons required chronic stimulation to suppress food
intake, whereas NTS POMC neurons produced an acute inhibition of feeding behavior
upon stimulation [57], suggesting that both neuronal populations act differentially to

regulate satiety.

While both neuronal populations regulate satiety, ARC POMC neurons are the
primary drivers in changes in energy expenditure. Recent single-cell RNA sequencing
(scRNA-seq) have indicated that ARC POMC are functionally heterogeneous and could
have various sub-populations with distinct functions, however further work needs to be
done to better understand and characterize this heterogeneity [58]. In addition, neuronal
projections from ARC POMC are the main signaling unit for POMC-derived peptides in
the adult rodent brain. ARC POMC neuronal projections extend fibers to multiple regions
in the brain, including the PVN, LH, NTS, central amygdala, periaqueductal grey, dorsal

raphe nucleus and ventral tegmental area [59].

Humans and mice with loss of function mutations on the POMC gene are obese.

POMC gene mutations leading to deficiency in humans presented severe, early onset
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obesity associated with hyperphagia and altered skin and hair pigmentation [60-61].
Heterozygous loss of function and point mutations on the POMC gene predisposes
obesity in humans [61-62]. In vivo mouse studies show that intracerebroventricular
(i.c.v.) injection of MC4R agonists, such as a-MSH, blocks feeding, and antagonists,
stimulate feeding [63]. When treated with a stable aMSH agonist, POMC mutant mice
lost more than 40% of their excess body weight [60, 64]. Postnatal ablation of POMC
neurons in mice lead to progressive obesity characterized by decreased energy
expenditure [65]. The primary effects of POMC-derived neuropeptides on feeding and
body weight are mediated by a-MSH acting on MC4R, and while POMC has been known
to be a key regulator in the melanocortin system, other players in this circuitry have been

implicated in obesity.

1.8 Agouti-Related Peptide (AgRP)

Agouti-related peptide (AgRP) is a neuropeptide produced in the ARC of the
hypothalamus by AgRP/Neuropeptide Y (NPY) neurons. AgRP/NPY neurons co-express
NPY and GABA and act to increase food intake and decrease energy expenditure. Similar
to POMC neurons, AgRP neurons are located in close proximity to fenestrated capillaries
in the median eminence, and thus have greater access to circulating hormones and
nutrients to respond to these signals appropriately. Leptin and insulin inhibit AgRP
neurons in order to suppress feeding in the fed state, whereas ghrelin, which is a hormone
that is secreted in proportion to stomach emptying, activates AgRP neurons to promote

food intake [54, 66-67].
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AgRP neuropeptide is a competitive antagonist of melanocortin receptors,
melanocortin-3-receptor (MC3R) and melanocortin-4 receptor (MC4R). When AgRP
binds to these receptors, it stimulates food intake and decreases energy expenditure,
opposing endogenous agonist, aMSH. NPY is the most potent orexigenic neuropeptide in
the brain. Intracerebroventricular injection of NPY in the brain rapidly and robustly
increases acute food intake within 1 hour and when administered chronically, induces
obesity due to pronounced hyperphagia [68-69]. GABA is co-released with AgRP and is
also important in stimulating food intake. Starvation induced by AgRP neuron ablation
could not be rescued by chronic antagonism of MC4R receptors, however delivery of
Bretazenil, a GABA mimetic, restored feeding [70], suggesting a critical role for GABA
in mediating food intake. Projections from AgRP/NPY neurons synapse to MC4R-
expressing neurons in the PVN to induce food intake and inhibit energy expenditure.
AgRP/NPY neurons also project to POMC neurons in the ARC. These projections are
GABAergic inhibitory synapses in order to inhibit POMC neurons and prevent the
release of aMSH, which induces energy expenditure upon binding to MC4R in the PVN.

AgRP/NPY neurons also project to the lateral hypothalamus (LH) to stimulate feeding.

Different sub-populations of AgRP/NPY neurons appear to be sufficient to promote
food intake but does so using redundant pathways, suggesting heterogeneity within these
neuronal populations. For example, different sub-populations of AgRP/NPY neurons in
the ARC are responsible for slow and fast signals to induce feeding. Feeding responses
measured by designer receptors exclusively activated by designer drugs (DREADD)

technology, indicate that NPY and GABA released from AgRP/NPY neurons convey fast
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signals to induce feeding, whereas AgRP induces slow and prolonged feeding [71]. In
addition, ablation of AgRP/NPY neurons n adult mice lead to decreased food intake and
body weight, where was there were no differences in neonatal mice [72-73], suggesting

compensatory pathways that modulate food intake and energy homeostasis.

Mutations in agouti, a gene responsible for coat color in mice, was identified to cause
adult-onset obesity syndrome in 1905 [74-75]. Mouse models studying its function and
role in obesity have been well-studied. Over-expression of AgRP in transgenic mice or
chronic i.c.v. injection into the brain causes hyperphagia and obesity [76]. Food
deprivation induces increased gene expression of AgRP and NPY, increased firing rate of

AgRP neurons, stimulating appetite and food-seeking behavior [77-78].

In obese males, AgRP plasma levels were reportedly higher in comparison to
nonobese men [79]. SNP studies in the human AgRP gene promoter and coding regions
have been associated with resistance to obesity and type 2 diabetes [80-84]. Mutation
screening in human genes has revealed some SNPs in the AgRP gene, however, is not

considered a main genetic contributor to obesity.

1.9 Melanocortin 4 receptor (MC4R)

Melanocortin receptors are G-protein coupled-receptors (GPCR) that are expressed
throughout the central nervous system (CNS) and other regions. There are five
melanocortin receptors: MC1R, MC2R, MC3R, MC4R and MC5R. MCIR is expressed

in skin and hair follicles and is important in pigmentation. MC2R is expressed in the
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adrenal cortex and is important in the regulation of cortisol production. MC3R and
MCA4R are expressed throughout the CNS and are the main regulators of food intake and
energy expenditure. These receptors also regulate sympathetic outflow, heart rate and
blood pressure. MC5R is expressed widely in exocrine glands and is important in their

secretion.

MC3R and MC4R are important regulators in food intake and energy expenditure,
however work understanding the effects of MC3R alone suggest that this receptor isn’t
critical in energy homeostasis regulation [85]. However, when MC4R is knocked-out in
mice alone, there is increase adiposity, hyperphagia, glucose intolerance and obesity [85],
thus work on understanding the role of MC4R in energy homeostasis has been well
characterized. Although MCA4R is widely expressed in the CNS, the PVN, dorsomedial
nucleus and preoptic areas of the hypothalamus showed greatest response to AgRP,
suggesting these areas where MC4R is expressed are important in energy homeostasis
[86]. In the presence of endogenous agonist, aMSH, MC4R couples to Gas to induce
GPCR-mediated signaling, which when induces downstream activation of adenylate
cyclase and increase production of cAMP, which is then thought to increase transcription
of cFOS, leading to neuronal activity [87]. AgRP antagonizes this signaling cascade in
order to increase food intake. The PVN is the primary site for food intake and energy
expenditure regulation. Although it is known that MC4R activation results in decreased
food intake and increased energy expenditure, the downstream mediators of this signaling

pathway are unknown.
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Transcription factors have been shown to be important in mediated MC4R activation
as well as development. Impairment of MC4R-expressing neuronal development, has
been implicated in obesity. Single-minded homolog 1 (Sim1) is a transcription factor that
is important in mediating development of MC4R-expressing neurons in PVN. Loss of
Sim1 in mice leads to obesity due to impaired melanocortin signaling [88]. Humans with
deletion of Sim1 have also been reported to develop early onset obesity [89-90].
Melanocortin receptor accessory protein 2 (MRAP2) is also required for MC4R-
expressing neuronal function and has been shown to contribute to energy expenditure
regulation [91-92]. In humans, 23 MRAP2 heterozygous variants have been identified and
associated with increased obesity risk in adults and children. Overall, this suggests that
MCA4R and transcription factors that are important in development and neuronal function

have been implicated in obesity.

Mutations in the MC4R gene are the most prevalent genetic cause of obesity,
accounting for 1 to 4% of cases of obesity [93]. Mc4r knockout mice display pronounced
hyperphagia, hyperinsulinemia, hyperglycemia and obesity [94]. In both mice and
humans, loss of one copy of the MC4R gene results in an intermediate obese phenotype,
suggesting a gene dosage effect [94]. In addition to hyperphagia in the MC4R KO mouse,
these mice also have impaired energy expenditure regulation, contributing to obesity
[95]. In humans, there are 376 SNPs reported in the Mc4r gene that are associated with
obesity and have a role in melanocortin ligand binding, cell surface receptor expression
and GPCR signaling [96]. Setmelanotide, a synthetic MC4R agonist that is currently the

first and only FDA approved drug to target the MC4R pathway, can effectively reduce
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appetite, leading to weight loss without any adverse cardiovascular side effects. This drug
is currently used for patients who are diagnosed with a variety of obesity syndromes,

such as POMC deficiency, LEPR deficiency and Bardet-Bidel syndrome [97-98].

1.10 Fat Mass and Obesity Associated (FTO) Gene

The Fat Mass and Obesity Associated (FTO) gene was the first obesity associated
susceptibility gene discovered using GWAS approaches. Since its discovery, multiple
SNP variants within the first intron of the FTO gene were identified to be associated with

human body mass and risk of obesity in a variety of population studies [99-103].

The mouse and human FTO gene are ubiquitously expressed, however its expression
is highest in the brain, in particular, the hypothalamus [104]. Because of its high
expression in the hypothalamus, it was suggested to play important roles in the regulation
of food intake and energy expenditure [105]. When fasting wildtype mice, FTO mRNA
expression was downregulated in the hypothalamus compared to fed controls [106]. In
the context of several mouse models of obesity, such as LEP KO, LEPR KO and POMC
KO, along with mice with DIO, hypothalamic FTO expression did not differ significantly

than in WT mice, but there were differences in mesenteric fat in obese mice [106].

Further work elucidating the role of FTO in obesity was done using FTO deficient
mice, as well as FTO heterozygotes. FTO KO animals weigh 30-40% less compared to
WT littermates, while FTO het mutants, had a 10% weight loss compared to WT

littermates, suggesting there is a gene dosage effect. When exposed to high fat diet, FTO
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KO animals exhibited reduced weight gain and reduced white adipose tissue size
compared to controls, suggesting that the disruption of FTO may serve as protection
against DIO [107-108]. FTO KO also exhibited elevated levels of energy expenditure
unrelated to locomotor activity, suggesting that these changes made be due to
mechanisms in lipolysis and thermogenesis in adipose tissue and could explain reduced
weight gain and adipose tissue size. Specifically in the hypothalamus, stereotaxic and
AAYV approaches indicate that over-expression of FTO in the ARC resulted in decreased

food intake, while knocking down FTO increased food intake in rats [109].

While its role in food intake and energy expenditure regulation has been elucidated,
how FTO regulates these two processes are unknown and are currently being studied.
One recent study makes mention of FTO being an upstream modulator of Stat3

expression, which is important in leptin-mediated signaling [109].

1.11 Pleiotropic syndromes leading to obesity

Pleiotropic obesity syndromes are diseases that are complex with a long list of clinical
symptoms in which obesity is only one out of a wide variety of physical and
developmental anomalies. There are several pleiotropic syndromes with obesity as a
dominant phenotype associated with other symptoms, such as mental retardation,

endocrine dysfunction, limb or facial dysmorphisms.
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The genetic basis of these syndromes is complex and although the etiology of many of
these syndromes are known, their relationship to obesity is not clear. In this section we

will focus on three syndromes that are all implicated in obesity.

1.11.1 Prader-Willi Syndrome (PWS)

Prader-Willi Syndrome (PWS) is the most common pleiotropic syndrome leading to
obesity. PWS occurs in 1 in 10,000 to 1 in 29,000, affecting both males and females
equally [110]. The molecular mechanism of this syndrome is a complex, multisystem
chromosomal disorder that arises due chromosomal alterations on chromosome 15. The
most common genetic etiology is deletion of the PWS segment of the paternally inherited
chromosome 15 [111]. The other two subtypes are maternal uniparental disomy, when the
patient inherits both copes of chromosome 15 from its mother, and imprinting errors. The
disease is characterized by two clinical stages. Stage 1 occurs when patients have
symptoms characterized by hypotonia, decreased muscle tone, extreme floppiness and
failure to thrive in infants. Stage 2 progresses after infancy and is characterized by
intense hyperphagia leading to obesity. PWS patients suffer from other endocrine
deficits, such as growth hormone deficiency, hypothyroidism and central adrenal

insufficiency.

The source of hyperphagia in PWS patients is thought to be due to changes in the
hypothalamus, primarily through dysregulated hypothalamic satiety and feeding circuitry.

Work has been done implicating that hypothalamic neuropeptide production, secretion
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and neurocircuitries are altered in PWS. Among the genes that are deleted in the PWS
segment of chromosome 15, MAGE family member L2 (Magel2), an E3 ubiquitin-
protein ligase, has been identified as one of the players responsible for a majority of PWS

symptoms, such as impaired growth, increased adiposity, obesity and altered metabolism.

Magel2 has been shown to be highly expressed in the hypothalamus. Unbiased
proteomics studies of hypothalamic lysates of Magel2 KO mice showed significant
decrease in secretory granule proteins, Scg2, Chgb as well as prohormone convertases,
Pcsk1 and Pcsk2, which are important in processing POMC prohormone [112].
Neuropeptide production and release, such as aMSH, GnRH and oxytocin were
significantly decreased in Magel2 KO mice. In addition, Magel2KO mice were shown to
have altered POMC neuronal activity and decreased neuronal PVN projections, further

suggesting that satiety regulation by POMC neurons is altered in PWS [113-114].

Functional magnetic resonance imaging (fMRI) studies in the hypothalamus and
cortex of PWS patients reveal abnormal brain networks engaged in physiological control
of eating as well as the motivational component of eating [115-116]. In a separate study,
structural MRI scanning of PWS patients with age-matched controls indicated that all
hypothalamic nuclei and volume were significantly smaller with impaired satiety score
being correlated with hypothalamic white matter structural connectivity dysregulations
[117]. aMSH levels in serum were also reported to be significantly decreased in PWS
patients compared to obese and lean controls [118]. Overall, these studies implicate that

the hypothalamic satiety center, composed of POMC neurons and processing to aMSH, is
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altered in PWS patients and could explain the intense hyperphagia that is present in these

patients.

1.11.2 Bardet-Bidel Syndrome (BBS)

Bardet-Bidel Syndrome (BBS) is an autosomal recessive disorder that affects multiple
body systems, with obesity being a primary symptom alongside intellectual disability.
The disease is rare, affecting 1 in 140,000 to 1 in 160,000 newborns. Several mutations
(nonsense, deletions, missense, insertions/duplications) have been documented in all 12
BBS proteins, leading to the development of different clinical presentations of this
disease, suggesting high genetic heterogeneity. Clinical findings associated with this
disease include retinal degeneration, polydactyly, obesity, intellectual disability,
hypertension and male and female reproductive tract abnormalities [119-120]. BBS
patients have obesity that ranges from mild to severe and is reversible with proper diet
and exercise. Rapid weight gain in these patients occurs during the first year of life due to
extreme hyperphagia but there is no difference in metabolic rate between BBS patients
and lean and obese controls, however there is decreased locomotor activity in BBS

patients [121].

Not much is known or studied regarding how the hypothalamus is implicated in
patients with BBS, however it is thought to play a role since BBS patients present with
extreme hyperphagia and obesity. One study looked at the BBSome, a protein complex

that is composed of seven highly conserved BBS proteins and one novel protein that is
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important in primary cilium biogenesis, and how it is implicated in POMC and AgRP
neurons. Targeted disruption of BBS1, the main core protein of the BBSome, in POMC
and AgRP neurons separately lead to increase body weight, hyperinsulinemia, increased
food intake, impaired glucose tolerance and adiposity in mice [122]. In a separate in vitro
study, iPSC-derived hypothalamic neurons that had mutations in the BBSome complex
had significant decreases in POMC expression and decreased production of
neuropeptides [123]. These studies suggest that hypothalamic feeding circuitry is
disrupted in BBS, leading to changes in food intake and consequently body weight,
however more work needs to be done to understand the molecular mechanisms the

BBSome complex has on AgRP and POMC neuronal function.

1.11.3 Fragile X Syndrome (FXS)

Fragile X Syndrome (FXS) is the most common monogenic cause of intellectual
disability and autism. FXS is caused by CGG trinucleotide repeat expansion of the 5’
untranslated region (UTR) of the fragile x messenger ribonucleoprotein 1 (FMR1) gene,
which results in results in epigenetic silencing and thus, lack of its protein product,

FMRP.

FMRP is an mRNA binding protein that plays a role in protein translation. mRNA
metabolism and mRNA transport [124]. FMRP is encoded by the FMR1 gene and is
ubiquitously expressed but its expression is highest in the brain [125]. Given the high

expression of FMRP in the brain and the presence of intellectual disability and
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impairment with those affected with FXS, targets of FMRP were investigated and
involved in brain connectivity. Specifically, levels of neurotransmitters and their
receptors have been examined in FXS mouse models in the cortex and hippocampus and
determined a decrease in several GABA receptor subunits, implicating a decrease in
inhibitory signaling in FXS [126]. In addition, FMRP has also been shown to regulate
neuronal excitability through impaired inhibition and altered neural circuits, leading to
hyperexcitability [126]. While the role of FMRP in the regulation of cortical circuits has

been addressed, the role of FMRP in the hypothalamus remains understudied.

Patients with FXS are more obese and the etiology of their increased prevalence with
obesity is unknown. National survey data from 884 families indicate that the rate of
obesity in adults with FXS is like the general population, while male children and
adolescents with FXS having higher rates of obesity (31%) when compared to their
developing same-aged peers [127]. Another recent longitudinal study conducted by Choo
et al on 1233 FXS patients of different age groups found that FXS adults had increased

BMI, supporting obesity as a clinical phenotype of FXS patients [128].

Very little work has been done in trying to elucidate the mechanism behind obesity in
FXS patients. In particular, the role of FMR1 gene in the hypothalamus has not been
studied and if hypothalamic dysfunction contributes to obesity in FXS patients. How
FMRI gene regulates food intake and energy expenditure and if the lack of FMR1 leads
to hypothalamic dysfunction and increased body weight is addressed in Chapter two of

this dissertation.
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1.12 Environmental contributions to obesity

In addition to genetic contributions to obesity, rates of obesity are rising due to
environmental factors such as diet, increased sedentary lifestyle, socioeconomic status,
stress and exposure to endocrine disrupting chemicals (EDC). Modern lifestyle
encourages individuals to live in an obesogenic environment, an environment that
encourages individuals to eat more and exercise less. While the list goes on, this section
will focus on three environmental contributors to obesity and how hypothalamus and

pituitary gland are impacted.

1.13 Diet

Diet is one of the main environmental factors that influence obesity development. The
link between diet and obesity is complex and is multidimensional, involving other aspects
of lifestyle, such as physical activity, feeding times, smoking, alcohol consumption and
genetic predispositions. Poor diet quality and increased exposure to foods high in fat and
sugar can be due in part to populations that reside in food deserts, places where there is a
scarcity of affordable, healthy food options. Food deserts are found in low-income
communities, where residents may face additional barriers to access to healthier foods
such as, transportation and financial constraints. Food deserts have been positively linked
to obesity rates in the U.S. Switching from a non-food desert to a food desert region

increases the odds of obesity to 30% alone, suggesting diet is an important contributor to
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obesity, however, is multifactorial, and socioeconomic status is also an important variable

to consider in diet-induced obesity [129].

The World Health Organization (WHO) published dietary recommendations,
suggesting a diet focused on fruits, vegetables, whole grains and nuts while limiting sugar
and fat consumption to 1%-30%, respectfully. Although these recommendations have
been published, there exists several barriers to eating healthier food, such as
socioeconomic status, location and eating behaviors. An accelerated lifestyle has also
encouraged individuals to partake in processed foods and fast foods instead of home-
cooked and prepared meals. A U.S. national survey reported that a home-consumed diet
has decreased by 23% and most Americans have their calorie intake from processed
foods, sit-down restaurants and fast-food restaurants [130]. Another review suggested
that eating fried food four times per week gives a higher risk on developing obesity and
other chronic diseases, such as type 2 diabetes, hypertension and coronary artery disease

[131].

While there exists social barriers to diet-induced obesity, the question remains how
diet impacts hypothalamic function and pituitary hormone production and secretion in
obesity. Obesity is associated with peripheral tissue inflammation and
neuroinflammation, such as hypothalamic inflammation. It has been implicated that
hypothalamic neuronal function and synaptic plasticity are affected by
neuroinflammation that is induced by diet-induced obesity (DIO). Hypothalamic
inflammation is characterized by astrogliosis and infiltration of macrophages from

adipose tissue [10, 132]. In animal models of DIO, signs of hypothalamic inflammation
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are present as early as 3 days after high fat diet (HFD) consumption, occurring even

before the onset of weight gain [133].

There are acute and chronic effects of HFD and how it affects hypothalamic function
and feeding circuitry neurons. Acutely, DIO causes activation of pro-inflammatory
cytokines, IL-1p, TNFa and IL-6, and recruitment of macrophages into the hypothalamus
[17]. Saturated fatty acids from HFD trigger the activation of inflammatory signaling
cascades via toll-like receptor 4 (TL4) signaling, leading to downstream nuclear factor
kappa B (NF-kB) activation, leading to increased expression of inflammatory genes, such
as suppressor of cytokine signaling 3 (Socs3) and pro-inflammatory cytokines [134].
Acute exposure to HFD leads to upregulated Socs3 in AgRP neurons, leading to
hyperphagia and development of insulin and leptin resistance, and i.c.v. injection of
unsaturated fatty acids restored leptin and insulin sensitivity in diet-induced obesity [135-
136]. Chronic HFD feeding leads to changes in synaptic plasticity. Regarding feeding
circuitry neurons, chronic HFD feeding impairs excitatory synaptic transmission in the
ARC and decreases inhibitory synapses on POMC neuronal cell bodies [137-138].
POMC neurons are also subjected to apoptosis from chronic HFD [139]. However, since
POMC neurons are heterogeneous, only partial signs of POMC neuronal alterations are
observed in rodents exposed to chronic HFD. The number of POMC neurons with no
spontaneous firing is increased in DIO by only 20% and chronic exposure to HFD leads
to 20-50% loss of POMC-expression neurons in the ARC and decreased neuronal activity

[133, 140].
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In addition to damage to the hypothalamus, individuals with acquired hypothalamic
obesity have damage to the pituitary gland, since the hypothalamus regulates pituitary
gland hormone synthesis and secretion. This damage causes multiple hormone
deficiencies in obesity. Thyrotropic, gonadotropic, somatotropic and corticotropic
dysfunctions occur because of obesity-mediated pathologies in the hypothalamic-pituitary

axis.

Thyroid gland function is involved in the control of thermogenesis and appetite and its
dysfunction is associated with secondary changes in body weight, adiposity and resting
energy expenditure independent of physical activity [141]. Obesity is linked to thyroid
dysfunction. Obese patients have hypothyroidism, and this is clinically characterized with
a moderate increase in thyroid-stimulating hormone (TSH) levels, due to negative
feedback, which is associated with decreased thyroid hormone levels, increasing the
resting energy expenditure [142-143]. Mechanisms underlying changes observed in
hypothalamic-pituitary-thyroid axis in obesity are not well understood. It is not clear
whether the extent of abnormalities observed in thyroid function are due to primary gland

involvement, synthesis or secretion of TSH from the pituitary gland or both.

Growth hormone (GH) and insulin-like growth factor 1 (IGF-1) are important in the
regulation of metabolism. GH stimulates lipolysis in adipose tissue and protein synthesis
in muscle, thus decreased GH contributes to increased weight gain, adiposity and
decreased muscle mass [144]. In obese patients, growth hormone (GH) secretion is

blunted [145] and how GH production and secretion is dysregulated in obesity remains a

mystery.
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Obese patients have reproductive dysfunction. Obese males have androgen deficiency
and hypogonadism due to increased visceral adiposity. Obese men also have low
gonadotropins, luteinizing hormone (LH) and follicle-stimulating hormone (FSH) leading
to infertility and reduced sperm count. Previous studies indicated that increased BMI and
obesity are associated with the suppression of testosterone and reduced levels of sex
hormone binding globulin [146-147]. Studies in humans were confirmed using rodent
models demonstrating that male mice fed HFD had reduced LH, FSH, testosterone and

sperm count [17].

While it is known that obesity causes hormonal deficiencies, the mechanisms behind
altered hormone production and secretion are unknown. The pituitary gland is a master
endocrine gland that is responsible for the production and secretion of GH, prolactin,
TSH, adrenocorticotropic hormone (ACTH), LH and FSH. How diet-induced obesity
impacts pituitary function, specifically hormone production and secretion are not known.
Chapter three of this dissertation aims to answer this question and elucidate whether

pituitary plasticity and changes in transcriptomics occurs due to chronic HFD in mice.

1.14 Stress

Stress is regulated by the hypothalamic-pituitary-adrenal (HPA) axis and the
sympathetic nervous system (SNS) and is activated in acute and chronic stressful events.
In response to stressors, corticotropin-releasing hormone (CRH) is secreted from neurons

in the PVN and stimulates the synthesis and secretion of ACTH from the anterior
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pituitary gland, which then acts on the adrenal gland in order to stimulate the production
and secretion of cortisol. Stress response is characterized by acute adaptations, such as
increased cognition, gluconeogenesis, lipolysis and inhibition of reproduction. When the
HPA axis is chronically activated or dysregulated, it can contribute to the development of
several diseases, including obesity and type 2 diabetes [148]. Disease pathology is
thought to occur due to chronic exposure to stressors and subsequent prolonged secretion
of glucocorticoids that can result in downstream gene expression changes that are
important in the regulation of metabolism, such as adiposity, insulin resistance,

hypertension, dyslipidemia and inflammation [149].

Traditional factors that are associated with obesity are related to hypercaloric, high fat
diet, sedentary lifestyle and socioeconomic status (SES). Individuals with lower SES
have more limited opportunities, leading to more stress and increase in stress hormone
production, which can further predispose them to obesity. Dramatic effects of altered
circulating cortisol levels on body weight are Cushing’s syndrome, a state of
hypercortisolism leading to central obesity, or Addison’s disease which leads to
hypocortisolism due to chronic adrenal insufficiency, leading to weight loss. In addition,

increase in visceral adiposity also chronically hyper-activates the HPA axis.

The PVN is an important nucleus in the hypothalamus regarding the initiation of
glucocorticoid secretion, as lesions to the PVN significantly decreased CRH and stress-
induced ACTH levels [150]. The PVN receives major input from the ARC. AgRP/NPY
neurons innervate CRH neurons in the PVN in order to stimulate CRH release. CRH is

considered an anorexigenic signal, injection of CRH to the PVN inhibits NPY-induced
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food intake in mice [151]. The ARC is an important sensor of glucocorticoids, as
injection of glucocorticoids in the ARC resulted in hyperphagia and weight gain in rats
[152]. In POMC-deficient mice, injection of corticosterone exacerbated hyperphagia,
weight gain, adiposity and hyperleptinemia [153], suggesting that stress hormones have
an important and functional role in the ARC and in feeding circuitry, and can be a

mechanism in stress-induced obesity.

1.15 Endocrine Disrupting Chemicals (EDC)

Although obesity is largely fueled by genetic and environmental components, such as
diet and stress, exposure to chemicals have been shown to have a role in its etiology.
Interestingly, the current increase in obesity and other metabolic syndromes correlates
with the increase in environmental chemical production and exposures of over the past
few decades [154]. Endocrine disrupting chemicals (EDCs) are chemicals that mimic or
interfere with actions of endocrine hormones, including estrogens, androgens, progestins,
and hypothalamic and pituitary hormones. They do so by binding to or interfering with

their receptors, which can disrupt signaling processes throughout the body.

EDCs or “obesogens”, when in reference to obesity, are thought to be one of the
factors that plays an important environmental contribution in obesity pathogenesis. EDCs
are thought to pre-dispose individuals to weight gain by changing the metabolic “set
point” in energy homeostasis. Some EDCs can increase the number of adipocytes or fat

storage in existing adipocytes and promote obesity by shifting the balance in fat storage
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versus fat catabolism [155]. Several studies show that EDCs such as, bisphenol A (BPA),
tributyltin (TBT) and diethylstilbestrol (DES) can alter food intake but depend on dose

and duration of the exposure [156-158].

One example of an EDC that has been largely studied in the context of obesity is BPA.
BPA is a synthetic compound used to manufacturer plastics, food packaging, toys,
canned foods, eyeglass lenses and medical equipment, such as tubing. BPA acts as an
estrogen receptor agonist and its activity occurs through estrogen receptor alpha (ERa)-
mediated signaling that leads to downstream MAPK-signaling of target genes. BPA can
also act as an estradiol antagonist, preventing estrogen receptor beta (ER) to signal via
its nuclear receptor to downstream MAPK targets [159-160].. BPA acts as an obesogen
by changing early adipogenesis by modulating adipocyte hypertrophy and overexpression
of lipogenic genes, such as peroxisome proliferator-activated receptor gamma (PPARY),
which has been implicated in the onset of diabetes and obesity, as well as lipoprotein

lipase (LPL) and fatty acid synthase [161].

BPA exposure has been linked to changes in hypothalamic function and dysregulation
of energy homeostasis in rodents. Neonatal exposure to BPA has been shown to
downregulate protein levels of ERa in the ARC in adult female rats, leading to
hyperphagia and metabolic syndrome [162]. Perinatal treatment of HFD-fed mice with
BPA lead to sexually dimorphic changes in adulthood, primarily altered the level of
expression of NPY, POMC and AgRP and decreased POMC fiber density in the PVN,
suggesting that EDCs have important effects in ARC neural circuitry [163]. Lastly, BPA-

exposed adult mice fed a HFD consumed more food and gained more weight than control
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mice on HFD, suggesting that BPA may lead to changes in hypothalamic energy balance

circuitry, leading to increased susceptibility to DIO [163].

1.16 Obesity as a chronic inflammatory state

Obesity is a state of chronic, low grade systemic inflammation and is a consequence of
increased adiposity in white adipose tissue in humans and rodents [164-165]. Obese
adipose tissue is characterized by the progressive infiltration of pro-inflammatory
macrophages into the adipose tissue, causing inflammation [6, 164]. Macrophage number
and size in adipose tissue correlates with increased adiposity in humans and mice,
allowing them to become more activated and upregulate pro-inflammatory cytokine
production, tumor necrosis factor alpha (TNFa), interleukin 6 (IL6) and interleukin 1 beta
(IL-1PB) [6,166]. Following increased adiposity in obesity, adipocytes produce monocyte
chemoattractant protein-1 (MCP-1, or CCL2 chemokine), that is a ligand for CCR2 and

recruits monocytes, leading to macrophage activation [167-168].

1.17 Macrophages in obese adipose tissue and resistin-like molecule alpha (RELMa)

Macrophages constitute an important fraction of the stromal vascular fraction within
white adipose tissue. In lean individuals, adipose tissue macrophages consist of about
10% of the total cell population, and these macrophages possess an anti-inflammatory
“M2” phenotype and perform tissue surveillance and remodeling functions that are

associated with maintaining insulin sensitivity. In obesity, there is a change in

35



macrophage phenotype, from “M2” to a pro-inflammatory “M1” phenotype. Weight gain
and increased adiposity induces local inflammation and cytokine production to promote
the recruitment of circulating pro-inflammatory monocytes that then differentiation into
M1 macrophages in the adipose tissue. This increase in pro-inflammatory cytokine
production from M1 macrophages and reduced anti-inflammatory signals from M2

macrophages promotes adipose tissue dysfunction and impairs glucose tolerance.

There is evidence for the detrimental role of M1 macrophages in promoting adipose
tissue insulin resistance. Specifically, macrophages in obese adipose tissue possess a
CDI11C+ M1 phenotype and gather around necrotic adipocytes in crown like structures
[169-170]. Give the role of macrophages in obesity, sex differences in macrophages are
of particular interest. Visceral adipose tissue contains more infiltrating macrophages and
higher expression of pro-inflammatory cytokines than subcutaneous fat and male visceral
adipose tissue accumulates more macrophages than females [6, 9-10]. Male macrophages
are also more migratory, while protection in females is associated with higher production
of anti-inflammatory cytokines, such as IL-10 and a T helper 2 (Th2) immune

environment [9, 17].

Resistin-like molecule alpha (RELMa) is a highly cysteine rich M2 macrophage
signature gene that is expressed predominantly in macrophages in response to a Th2
cytokine immune response. RELMa is present in various tissues and organs, such as
heart, lung and white adipose tissues, especially in visceral fat followed by subcutaneous
fat [171-172]. Several studies report the role of RELMa in metabolic disorders.

Specifically, CD301+ phagocytes promote glucose metabolism through secretion of
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RELMa and overexpression of RELMa promoted cholesterol homeostasis in low density
lipoprotein (LDL) receptor deficient mice [173-174]. Based on pervious findings of
males being susceptible to obesity mediated pathologies and adipose tissue dysfunction in
diet-induced obesity and females have protection that is driven by an Th2 immune
environment, chapter four of this dissertation will investigate how sex and RELMa

regulate diet-induced obesity and inflammation.

1.18 Concluding remarks

Understanding the genetic and environmental factors that contribute to hypothalamic
and pituitary dysfunction in obesity is critical in elucidating how energy homeostasis is
dysregulated in obesity and how obesity leads to multiple hormone imbalances that lead
to changes in physiology. This dissertation aims to identify new genetic and
environmental targets and mechanisms that are important in maintaining energy
homeostasis in the hypothalamus and tight control of pituitary gland hormone production
and secretion in maintaining tight physiological homeostasis. In addition, we investigate
the mechanisms of sex-differences in diet-induced obesity and identify a female specific

target that may be critical in maintaining adipose tissue homeostasis.
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2.1 Abstract

Mutations in the Fragile X Messenger Ribonucleoprotein 1 (FMRI) gene are linked to
Fragile X Syndrome, the most common monogenic cause of intellectual disability and
autism. People affected with mutations in FMR1 have higher incidence of obesity, but the
mechanisms are largely unknown. In the current study, we determined that male Fmr/
knockout mice (KO, FmrI), but not female Fmrl”, exhibit increased weight when
compared to wild-type controls, similarly to humans with MR mutations. No
differences in food or water intake were found between groups; however, male Fmrl™
display lower locomotor activity, especially during their active phase. Moreover, Fmr1™
have olfactory dysfunction determined by buried food test, although they exhibit
increased compulsive behavior, determined by marble burying test. Since olfactory brain
regions communicate with hypothalamic regions that regulate food intake, including
POMC neurons that also regulate locomotion, we examined POMC neuron innervation
and numbers in Fmrl” mice. POMC neurons express Fmrp, and POMC neurons in
FmrI have higher inhibitory GABAergic synaptic inputs. Consistent with increased
inhibitory innervation, POMC neurons in the FmrI*¥ mice exhibit lower activity, based
on cFOS expression. Notably, Fmrl* mice have fewer POMC neurons than controls,
specifically in the rostral arcuate nucleus, which could contribute to decreased
locomotion and increased body weight. These results suggest a role for Fmr/ in the

regulation of POMC neuron function and the etiology of FmrI-linked obesity.
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2.2 Rationale for elucidating the role of FMRI gene in obesity

Mutations in the Fragile X Messenger Ribonucleoprotein 1 (FMRI) gene cause
Fragile X Syndrome (FXS), the most common genetic form of intellectual disability [1,
2]. People affected with this disorder have mental impairment, autism and higher
incidence of obesity [3-7]. Mutation entails expansion of the unstable CGG trinucleotide
repeats, which leads to hypermethylation, silencing of the gene and the loss of protein
product, FMRP. FMRP is an mRNA binding protein that regulates protein levels of its
targets [8, 9]. In the brain, where it is most highly expressed, FMRP binds mRNAs that
encode synaptic proteins, contributing to cognitive dysfunctions in FXS [10-12]. While
the mechanisms of intellectual impairments following FMRP loss are beginning to
emerge, mechanisms of increased weight are not known. The effect of FMRP loss on the
cortex and hippocampus have been analyzed [13, 14], however, how mutations affect
hypothalamic functions has not been examined. Herein, we investigated the effects of
FMREP loss in the regulation of body weight and food intake, using the FmrI knock-out
(FmrI7?, KO) mouse model. Due to differential methylation between human and mouse
genes, the Fmrl KO is a widely used mouse model to study Fragile X Syndrome and is
considered a better model than putative mimics of the CGG repeat expansion [15, 16].
We analyzed effects of the lack of Fmrp on food intake and specifically on a population

of hypothalamic neurons that regulate feeding, satiety and energy expenditure.

FMRI mutations are associated with increased obesity particularly in children. 34% of
pediatric patients with FXS experience obesity compared to 18% of unaffected children

[3-6]. Obesity, especially in childhood, leads to an increased risk of cardiovascular
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disease, metabolic syndrome, dementia, and stroke. The causes of increased obesity in
FXS are not clear. Food intake and energy expenditure are regulated by the
hypothalamus, which also controls other homeostatic processes, such as circadian
rhythms, thermoregulation, stress response, and reproductive function. Our previous
study analyzed the role of the Fmrl gene in reproduction, since women with FMR]
mutation experience early cessation of reproductive function and males have
macroorchidism [17, 18]. We demonstrated increased innervation of ovarian follicles
and of GnRH neurons in the hypothalamus that regulate reproduction [19]. The
hypothalamus receives information on availability of energy stores from the periphery to
regulate food intake [20, 21]. Metabolic cues are integrated primarily by anorexigenic
proopiomelanocortin (POMC) neurons and orexigenic neuropeptide Y (NPY) / agouti-
related protein (AgRP) neurons located in the arcuate nucleus (ARC) of the mediobasal
hypothalamus [22]. AgRP neurons in the satiated state lower GABA tone that normally
inhibits POMC neurons [23, 24]. This disinhibition leads to activation of POMC neurons
and synthesis of the POMC peptide. POMC is cleaved to several neuropeptides, most
importantly to alpha-melanocyte stimulating hormones (aAMSH) that plays a role in
weight regulation by binding to melanocortin 4 receptor (MC4R). Signaling through this
receptor, located in several nuclei, including paraventricular nucleus (PVN),
ventromedial hypothalamus (VMH) and brainstem, in the brain helps maintain the
balance between food intake and energy expenditure [25-27]. Given that FMRI gene
mutations are associated with increased obesity, it is critical to examine FMRI role in the

regulation of energy balance.
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Individuals with FXS exhibit abnormal sensory information processing leading to
hypersensitivity to a variety to sensory inputs, which results in a wide array of behavioral
symptoms [13]. This may be a result of alteration in several neurotransmitter receptor
levels resulting in decreased inhibitory/excitatory synaptic balance and the diminished
synaptic plasticity [28]. Mutations of the FMRI gene may affect olfaction, but the results
are not clear. Fmrl KO mice have decreased ability to detect smell, but no differences
from controls in distinguishing between different odorants [29]. Olfaction in animals is
critical for food detection and intake, and the olfactory bulb projects to the hypothalamus
and feeding circuitry to stimulate hunger and food intake [30, 31]. However, exact
mechanisms and pathways that connect olfactory brain regions with the hypothalamus to
stimulate hunger, or to the regions that regulate locomotion to increase foraging for food,
are not clear. In this study, we analyzed feeding and energy expenditure in Fmrl KO
mice, and hypothalamic neurons that regulate these processes. We determined that male
KO mice are heavier than controls, but lack differences in food intake, while locomotion
was affected. We identified profound effects on olfaction and POMC neurons that
regulate energy expenditure. Therefore, olfaction and alterations in activity of POMC
neurons likely contribute to the dysregulation of energy balance and increased obesity in

people affected with FMR I mutations.
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2.3 Materials and Methods
2.3.1 Animals

All animal procedures were performed with the approval from the University of
California (Riverside, CA) Animal Care and Use Committee and in accordance with the
National Institutes of Health Animal care and Use Guidelines. Breeding pairs of
FVB.129P2-Fmr1tm1Cgt/J (Fmrl KO) and their congenic controls (WT) mice were
obtained from Jackson Laboratories and bred in-house. Mice were maintained under a
12-h light, 12-h dark cycle and received food and water ad libitum. Fmrl KO mice have
larger litters [19] and to prevent litter size influence on pup weight, litter sizes were
normalized to 8 mice per litter. Previous studies using FXS mouse models demonstrated
that these mice have heightened response to stress and altered levels of glucocorticoids

[32]. To reduce stress, animals were acclimated by daily handling.

2.3.2 Feeding behavior and locomotor activity

WT and Fmrl KO mice between 8-10 weeks of age were individually housed in
Phenomaster feeding chambers (TSE Systems, Chesterfield, MO, USA) to analyze food
intake and locomotion, and received access to standard chow and water ad libitum
throughout behavioral testing. These chambers allow for continuous monitoring of food
and water intake, and rigorous analysis of locomotor activity given that frames are

equipped with light-beam grid and infrared sensors in 3 dimensions.
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Animals were allowed 72 hours to acclimate, after which food intake, water intake, and
locomotion were recorded. Food weight, water, and continuous locomotor activity were

measured in real time and recorded using the TSE Phenomaster Software.

2.3.3 Behavioral tests

2.3.3.1 Buried and Unburied Food Test

Buried and unburied food tests were performed as previously described [33, 34].
Male and female mice, 8-12 weeks of age, after 24-hour fasting period, were used to
locate buried or unburied standard chow pellet, starting at 7 pm, at the start of their active
cycle and dark period in our colony. Polycarbonate cages with clean bedding material at a
depth of 5 cm were used for testing. A single mouse was placed at the center of a test
cage and allowed to acclimate for 5 minutes. After acclimatization, the mouse was placed
in a clean holding cage, the pellet was buried, and the mouse was placed back in the test
cage and allowed to recover the buried food pellet within a 10 min test time. Separate
holding and test cages were used for each mouse. Latency, defined as the time between
placing the mouse into the cage and the mouse grasping the food pellet with its forepaws,
was recorded. Latency of animals that did not recover the food pellet within 10 min was
recorded as 600 sec. One week after the buried food test was performed, the mice
underwent the unburied food test. The acclimation and testing conditions were identical
to the buried food test, except the mice were timed in grasping the food pellet that was

left on the top of bedding.
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2.3.3.2 Marble Burying Test

Marble burying test was performed as previously described [35]. Briefly, Male and
female mice, 8-12 weeks of age were tested at 7pm, as described above. Polycarbonate
cages with fitted filter tops were filled with fresh unscented mouse bedding to a depth of
5 cm. Standard glass marbles were washed in mild laboratory detergent, rinsed with
distilled-deionized water and dried, and then spaced out evenly in five rows of four
marbles on the top of bedding. Test recording started immediately after the animal was
placed in the cage, far away from the marbles as possible. The animals were left to
explore undisturbed for 30 min. Marbles were counted and scored as buried if two-thirds

of its surface was covered by bedding.

2.3.4 Histological analyses and immunohistochemistry

WT controls and Fmrl KO mice were anesthetized, perfused with 20 ml PBS and 20
ml 4% paraformaldehyde; and tissues were collected. Hypothalami were sectioned to 50
um coronal sections. Sections containing paraventricular nucleus (PVN) and arcuate
nucleus (ARC) where MC4R or POMC neurons are located, respectively, were blocked
and stained for B-endorphin for POMC neuron detection (1:10,000 dilution, rabbit anti-f3-
endorphin, Phoenix Pharmaceuticals H-022-33), MC4R (1:1,000 dilution, rabbit anti-
MC4R, Abcam ab24233), GABAY2 receptor subunit (1:10,000 dilution, guinea pig anti-
GABAY2, Synaptic systems 224 004), VGAT (1:5,000, mouse anti-VGAT, Synaptic

systems 131 011) or cFOS (1:10,000, guinea pig anti-cFOS, Synaptic systems 226 308)
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for 48 hours at 4°C. After PBST washes, sections were incubated overnight at 4°C with
secondary antibodies: goat anti-rabbit [gG-Alexa Fluor 488 (1:5000, Invitrogen,
A11034,); anti-mouse [gG-Alexa Fluor 594 (1:1000, A11032, Invitrogen); anti-guinea
pig-biotin (1:1000, BA-7000, Vector Laboratories, Burlingame, CA) followed by
streptavidin-Cy5 (1:1000, 434316, Vector Laboratories, Burlingame, CA). Secondary
antibody-only controls were performed to determine antibody specificity. MC4R neurons
in the PVN were quantified by mean fluorescent intensity (MFI) using Fiji Imagel.
Numbers of POMC neurons were quantified by counting -endorphin/POMC stained cell
bodies in the coronal sections throughout the arcuate nucleus of the hypothalamus. To
quantify the number of cFOS-expressing POMC neurons, 50um coronal sections of the
arcuate nucleus were stained for POMC and cFOS, and results represented as a
percentage of cFOS-positive POMC neurons. All sections were imaged using Leica

microscope (DM6000) and analyzed using Fiji ImageJ.

Immunostaining for FMRP was performed using free-floating 50um sections
spanning PVN (for MC4R-FMRP) or ARC (POMC/B-endorphin-FMRP). Sections were
stained for 48 hours with primary antibodies, mouse anti-FMRP (1:1000; Developmental
Studies Hybridoma Bank, catalog #2F5-1-s, RRID: AB_10805421) and POMC or MC4R
antibodies as above. After PBST washes, sections were incubated overnight at 4°C with
secondary antibodies: goat anti-rabbit [gG-Alexa Fluor 488 (1:5000, Invitrogen,
A11034,); anti-mouse biotin (1:1000, BA-9200, Vector Laboratories, Burlingame, CA)

followed by streptavidin-Cy5 (1:1000, 434316, Vector Laboratories, Burlingame, CA).
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Slices were mounted on slides with Vectashield mounting medium containing DAPI

(Vector Laboratories, H-1200).

To determine puncta density, we followed our established protocol as previously
published [19, 36, 37]. Puncta were counted in the individual neurons using z-stacks
acquired by confocal Leica SP2 microscope. Images were encoded for blind analysis. At
least 15-20 individual neurons from 3 different sets of mice were counted. 3D

reconstruction was performed by Imaris software (Bitplane, Inc; Concord, MA).

2.3.5 Western blot

Whole cell lysates were obtained from the dissected hypothalami from WT controls
and FMR1 knockout mice and after protein determination, the same amount of protein
from each sample was resolved on SDS-PAGE, transferred on nitrocellulose membrane
and probed for: GABAY2 receptor subunit (1:1000, 14104-1-AP, Proteintech), VGAT
(1:1000, 131 011, Synaptic Systems), MC4R (1:1000, ab24233, Abcam) or B-tubulin
(1:1000, sc-9104, Santa Cruz Biotechnology). Bands were quantified using ChemiDoc

imaging system (Bio-Rad, Hercules, CA).

2.3.6 Statistical analyses

Statistical differences between WT control and Fmrl KO mice (p < 0.05) were
determined by t-test, or ANOVA when appropriate, followed by Tukey’s post-hoc test for

multiple comparisons using Prism software (GraphPad, CA).
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2.4 Results
2.4.1 Fmrl knockout male mice are heavier

Children and adolescents with FXS are heavier than age-matched controls, but it is not
clear if this is due to food preference or due to the effects of the FMRI gene mutation on
the hypothalamic feeding circuitry. To address this question, we monitored the weight of
Fmrl KO mice and compared them to WT controls. Given that Fmr! KO mice have
larger litters {Villa, 2023 #10046}, we controlled for the number of pups per litter on the
day of birth, since litter size affects early food intake and consequently weight. We
normalized litter sizes to 8 pups per litter, and 4 different litters were analyzed. We
monitored pups’ weight from postnatal day 7 (p7), when we can distinguish males and
females, to p90, and determined that Fmr! KO male mice were heavier than WT controls
(Fig. 2.1a, top). Female homozygous Fmr! KO mice did not show differences in weight
(Fig. 2.1a, bottom), consistent with the observations that homozygous FXS females have
less severe outcomes than males [34-37]. We determined that from p10, Fmrl KO male
mice were heavier (pl11 WT=6.82g, KO=7.67g, p=0.012). The weight difference was lost
for 10 days after weaning, from p21-p30, likely due to increased anxiety of Fmrl KO
mice after separation from their mothers, that has been demonstrated [37, 43]. At p35 and
after, until p90, Fmrl KO male mice were again significantly heavier than WT mice (p42
for example, WT=22.9g, KO=25.8g, p=0.00023). We then investigated if weight gain
stems from increased food intake, and we individually housed WT and KO mice in two-
hopper feeding chambers. After a three-day acclimation period, food intake, water

consumption, and locomotor activity were measured in real time for another 3 days.
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Animals received ad libitum access to standard chow and water throughout testing. There
was no difference in food or water intake, in males or females KO mice compared to
controls (Fig. 2.1b. left). To determine if there are differences in blood glucose levels, we
measured circulating glucose at p42, at random and after a 12-hour fast, but did not detect
any differences in either males or females (Fig 2.1b, right). Using Phenomaster chambers
to monitor locomotor activity, we determined that there was a decrease in movement of
Fmrl KO male mice compared to WT (Fig. 2.1c). This decrease was significant during
the dark cycle, which is consistent with previous reports [44]. WT controls exhibited
increased locomotion at the onset of the dark phase, when mice normally experience their
active period and initiate foraging for food. Fmrl KO males exhibited smaller increase in
this circadian locomotive activity. Area under the curve (AUC) was calculated to
demonstrate overall significantly reduced locomotion, WT=4330 compared to KO=3223
(p=0.015; Fig. 2.1c, right). Females did not show a significant difference in locomotion,
and in fact, KO females exhibited a trend of moving more, which may correspond to
hyperactivity [45]. AUC for female mice was WT=3234 compared to KO=3949 (Fig.
2.1d, right). Therefore, Fmrl KO males exhibit increased weight, no difference in food
intake, and reduced locomotor activity compared to controls, which likely contributes to

increased weight [46].
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Fig 2.1. Fmr1 knockout (KO) male mice are heavier than controls. a, Litter sizes were normalized to 8
mice per litter, weight of 4 litters per genotype monitored from p7-p90, and Fmr! KO mice compared to
wild-type FVB controls (WT) (KO, red; WT controls, black; males, top; females, bottom). n=12-16 mice,
points represent group mean +/- standard error. Statistical significance between weight at each age is
represented with * (p < 0.05, ANOVA followed by Tukey’s post hoc test). b, Food (left) and water (right)
intake were not different (cumulative, n=8 per genotype); glucose levels (random, left; measured after
overnight fasting, right) were not different (WT, black bars represent group mean +/- standard error, each
black circle represents one animal; KO, red bars represent group mean +/- standard error, each red square
represents one animal). ¢, Locomotor activity of male mice measured continuously with Phenomaster for
48 hours. Left, x-axis indicates time of day, when monitoring started at 14:00 or 2pm, shaded area
represents dark cycle, lights off in our vivarium from 7 pm — 7 am; black line, WT; red line, Fmrl KO; n=8
mice, points represent group mean +/- standard error; WT, black; KO, red. Right, area under the curve
(AUC), WT, black bars represent group mean +/- standard error, each black circle represents one animal;
KO, red bars represent group mean +/- standard error, each red square represents one animal. d, Locomotor
activity, female mice. Statistical significance (*, p < 0.05) was determined with t-test followed by Tukey’s
post hoc test.
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Given that mice increase locomotion at the beginning of their active period, in order to
reach the food pellets and eat, we investigated if Fmr/ KO mice exhibit decreased
locomotion due to the inability to smell food. The buried food test measures the latency
to uncover a small piece of chow and is a reliable method to assess olfaction, since it uses
animals’ natural propensity to use olfactory cues when foraging for food [47, 48, 49]. We
determined that Fmr/ KO male mice showed significant delay in reaching the food pellet.
WT males uncovered the food pellet at 136.5 seconds, while KO reached the pellet at
458.8 seconds (Fig. 2.2a, p=0.0263). There was no difference in latency of female mice
to reach the buried food pellet, which may be consistent with lack of differences in

locomotion.

As a control to assess motivation to eat, we performed an unburied food test, where
the food pellet was left on the top of the bedding, after which the mouse was introduced
to the cage in the opposite corner. There was no difference in the latency to reach the
pellet and start eating between KO and WT mice when the food is visible, in male or
female mice (Fig. 2.2b). We concluded that KO mice experience hunger signals,
consistent with food intake analyses reported in Fig 1b. Given that KO mice exhibited a
delay in digging for food, we wanted to determine whether Fmr/ KO mice have aversion
to digging and performed a marble burying test [S0]. Although FMRI mutations are
associated with autism-spectrum disorders, which is characterized by repetitive or
compulsive behaviors, we considered the marble burying test adequate to control for the
willingness to dig, since these are natural and spontaneous behaviors in mice. We

determined that Fmr/ KO male and female mice buried significantly more marbles (Fig.
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2.2¢). WT male mice buried 7.5 marbles out of 20 during the 30-minute test period, while
KO male mice buried 15.8 marbles (Fig. 2c, left; p=0.0135). WT female mice buried 10.8
marbles, compared to KO female mice that buried 16.2 marbles (Fig. 2.2c, right; p=
0.0004). These results demonstrate that Fmr! KO mice exhibit increased repetitive
behaviors consistent with models of autism. Significantly for our studies, Fmrl KO male
mice have an affinity to dig and therefore, delay in obtaining a food pellet stems from

reduced olfaction.
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Fig 2.2 Buried food test demonstrates olfactory impairment in Fmr! KO male mice. a, Left, WT male
mice reached buried food pellet faster than KO mice (p=0.0263; WT, black bars represent group mean +/-
standard error, each black circle represents one animal; KO, red bars represent group mean +/- standard
error, each red square represents one animal). Right, no difference in latency to uncover buried food pellet
in female mice. b, No difference in latency to retrieve unburied food pellet between KO and WT mice (left,
male; right, female). c, Left, WT males buried fewer marbles than KO male mice (p=0.0135). Right, WT
females buried fewer marbles than KO females (p= 0.0004). Statistical significance, indicated with * was
determined with t-test followed by Tukey’s post hoc test.
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2.4.2 Fmrl gene deletion causes increased GABAergic innervation and less activity in

POMC neurons

To answer if olfactory impairment in males regulates locomotion via feeding circuitry
in the hypothalamus, we examined POMC neurons in male mice, since POMC neurons
regulate energy expenditure [51, 52], and ablation of POMC neurons reduces locomotion
in the dark phase [53]. POMC neurons regulate energy expenditure by targeting MC4R
neurons, primarily in the paraventricular nucleus (PVN) of the hypothalamus [54].
POMC neurons also target MC4R expressing neurons in the premotor network, that
stimulate locomotion [55]. We determined that 84% of POMC neurons expressed FMRP,
while only 9% of MC4R expressing neurons in the PVN contained FMRP (Fig. 2.3).

Therefore, we concentrated on POMC neurons and examined their innervation.
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Fig 2.3 POMC neurons express FMRP. Top, POMC neurons in arcuate nucleus stained with anti-f3-
endorphin (green) and anti-FMRP (red). Representative images using 20x objective (3V, third ventricle,
left); and 63X objective (right). Bottom, MC4R neurons in the PVN stained with anti-MC4R (green) and
FMRP (red). DAPI was included to detect the nuclei (separate channels on the side) but omitted in overlay
to better visualize co-localization of FMRP with neurons of interest.
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We then analyzed MC4R protein levels, as targets of POMC neurons via aMSH, we
examined MC4R protein levels on whole hypothalamic protein lysates using western
blotting and determined that there are no differences in MC4R protein levels between
WT and KO males (Fig. 2.4). Activation of POMC neurons occurs via their disinhibition
through reduced GABA innervation. Hence, we examined levels of GABAA receptors
and VGAT in the hypothalami of Fmr! KO compared to WT. GABARY2 is the
obligatory subunit of the pentameric GABAA receptor [56], while vesicular GABA
transporter (VGAT), is a presynaptic marker of GABAergic terminals [57, 58]. There
was a significant increase in the levels of GABARY2 protein in the hypothalami of Fmr/
KO male mice, consistent with our previous observations in female mice {Villa, 2023

#10046}. However, VGAT levels were not different (Fig. 2.4).
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Fig 2.4 Western blots of the hypothalami whole cell lysates determined changes in synaptic proteins
in Fmrl KO male mice. Hypothalami were dissected and protein levels were analyzed by western blotting.
Protein levels of 4-8 mice per group were quantified using ChemiDoc and amount of the protein of interest
normalized to the amount of B-tubulin. Each point represents one animal, while bars represent group
means +/- standard error. Statistical significance, indicated with a * (p < 0.05) was determined with t-test
followed by Tukey’s post hoc test.

73



Since GABA can regulate POMC neuron activity (PMID 18272480, PMID 11373681)
and we determined increases in GABARY2 in the whole hypothalamus of male KO
animals, we next analyzed the GABAergic innervation of POMC neurons. First, we
counted the number of GABA receptors in the POMC neuron soma and determined a
significant increase in Fmrl KO mice to 154% from WT (Fig. 2.5a). To determine the
number of synaptic GABAAx receptors we performed triple stain for VGAT, GABAa and
POMC, since VGAT is located in GABAergic presynaptic terminal. We stained for b-
endorphin to detect POMC neurons, GABAYy2 and VGAT and counted the number of
puncta where VGAT was located in a close opposition to GABAY2 in POMC neurons.
At least 15 neurons per mouse, 3 mice per group, were counted (Fig. 2.5b). We
determined more than a 4-fold increase (to 409%) in GABAergic innervation of POMC

neurons in Fmrl KO mice.
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Fig 2.5 Fmrl KO males have increased GABAergic innervation. a, GABAAx receptors in the POMC
neuron soma were quantified; b, Synaptic GABAAa receptors were quantified as appositions of GABAYy2
and VGAT in POMC neurons. GABAA (red), VGAT (green), POMC (grey). At least 20 neurons per
mouse were quantified and the average for each mouse was represented with a point, while bars present
genotype average. Bottom, 3D reconstruction of confocal images using Imaris. Statistical significance,
indicated with a * (p < 0.05) was determined with t-test followed by Tukey’s post hoc test.
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To determine functional significance of changes in innervation, we counted the
numbers of MC4R neurons in the PVN and POMC neurons throughout ARC in Fmrl KO
and WT mice (Fig. 2.6). We determined that there was no change in the number of
MC4R neurons in the PVN (Fig. 2.6a). We then assessed the activity of POMC neurons
by staining for cFOS and counting the percentage of cFOS-positive POMC neurons. KO
mice had significantly lower fraction of cFOS-positive POMC neurons (Fig. 2.6b,
arrowheads indicate cFOS-positive neurons; cFOS is located in the nucleus (magenta),
while b-endorphin is cytoplasmic (green); inset, higher magnification of the positive
neurons indicated by arrows). Fmrl KO mice also had fewer POMC neurons in the
arcuate nucleus of the hypothalamus (Fig. 2.6c). Given the functional and regional
heterogeneity of POMC neurons, we counted POMC neurons separately in the rostral
region of the arcuate nucleus and in the caudal region. We determined that rostral region
specifically had 24% fewer POMC neurons in Fmrl KO than WT controls, while caudal
region lacked significant difference (Fig. 2.6d). Given that POMC neurons regulate
locomotion via aMSH activation of MC4R-neurons in the premotor area [59, 60], we
postulate that this decrease in POMC neuron number causes decreased energy
expenditure due to lower innervation of premotor area, which leads to increased weight

gain.
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Fig 2.6. Decreased activity and numbers of POMC neurons in the arcuate nucleus of the
hypothalamus in Fmrl KO male mice. a, no difference in the MC4R neuron number in the PVN between
WT and KO male mice, quantified as MFI using ImageJ; MFIs of 5-7 coronal sections per mouse were
averaged; each dot represents one animal, bar represents group mean +/- SEM. b, KO males have fewer
active POMC neurons compared to WT, determined by co-staining of POMC (green, cytoplasmic) and
cFOS (magenta, nuclear). cFOS-positive POMC neurons are indicated with arrowheads, inserts contain
higher magnification of double positive neurons. Right, numbers of cFOS positive POMC, shown as
percentage. ¢, KO males have fewer POMC neurons, determined by counting -endorphin/POMC cell
bodies throughout the arcuate nucleus in at least 6 sections per mouse and averaged; each dot represents
one animal, bar represents group mean +/- SEM. d, Counts for the rostral and caudal regions demonstrated
separately to indicate regional heterogeneity. Statistical significance, indicated with a * (p < 0.05) was
determined with t-test followed by Tukey’s post hoc test.
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2.5 Discussion

We sought to uncover the effects of the loss of FMRP on hypothalamic neurons and
energy expenditure, which may help elucidate the mechanisms of weight gain in people
affected by FXS due to a mutation in the FMRI gene. Additionally, our studies
uncovered a significant factor, the FMRI gene, in weight homeostasis and regulation of
feeding circuitry. Our studies determined increased weight without increased food intake
in Fmrl KO mice. We further determined that the weight gain, specifically in male mice,
may be due to lower locomotion during the dark cycle, which in turn may be due to
impaired olfaction and the inability to smell food. These results point to the critical role
of FMRP in the olfactory-feeding circuitry axis. Furthermore, we determined that POMC
neurons that regulate energy expenditure receive higher GABAergic innervation and
exhibit lower activity and fewer numbers in Fmr/ KO mice. Therefore, we posit that
POMC neurons are the linchpin between olfaction, hunger signals, and locomotion when

foraging for food.

Our results may explain reasons for the increased prevalence of obesity in people
affected with FXS. Body weight increase of Fmr! KO mice to 115% of controls is
similar to what was observed in mice with a deletion of leptin receptor specifically in
POMC neurons causes, which experienced 120% weight gain compared to controls [61].
The increase in body weight in Fmr! KO mice of the FVB background that we observed
here, is consistent with an increase in body weight of Fmr/ KO mice on C57 background
reported before [62]. Report by Leboucher, et al., postulated that the increase in body

weight is due to the changes in body composition, specifically an increase in muscle mass
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and bone volume, while we provide additional possibilities, such as decreased
locomotion or POMC neuron dysfunction that may contribute to weight gain. An earlier
study by the same group analyzed metabolic indicators in Fmr! KO mice [63] and found
a lack of differences in glucose levels, which is in agreement with our study, but reported
differences in serum lipid profile, leptin and insulin. Our study may be in agreement with
a study using a zebrafish model of Fmrl deletion, that determined developmental defects
in the motor cortex, which may lead to changes in locomotion [64]. Also in agreement
with our results here, decreased locomotion in the Fmr! KO mice on the C57 background
was reported before, in a report that demonstrated that reduced movement is due to
reduced forward locomotion and bout onsets [44]. This study also did not find any
differences in food intake similar to our results, but contrary to our study and studies by
Lebousher, et al., did not find differences in weight or body composition either. Another
study using slightly older mice, did not detect differences in weight {Uutela, 2012
#10078}, either because of differences in age, or because we normalized the litter size,

which may explain different results concerning body weight.

We detected an increase in GABAA receptor levels in the hypothalami of Fmrl KO
mice. A number of studies determined a decrease in several GABAA receptor subunits, in
the cortex and hippocampus of KO mice, implicating a decrease in inhibitory signaling in
the neuropathology of the disease {EI Idrissi, 2005 #9668;Adusei, 2010 #9667;Zhang,
2017 #9666;D'Hulst, 2006 #9665}. Indeed, Fmrl KO mice show cortical
hyperexcitability similar to FXS individuals {Gibson, 2008 #10072;Contractor, 2015

#9681}. However, these differences in GABAAx receptor levels were brain region specific
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and were not observed in the cerebellum {D'Hulst, 2006 #9665;D'Hulst, 2009 #10071}.
We show increased GABAA receptor levels in the hypothalami of Fmr/ KO mice,
indicating additional regional differences. GABA is the dominant neurotransmitter in the
hypothalamus {Decavel, 1990 #10069} and GABAergic neurons are first order neurons
that receive information from periphery {Delgado, 2013 #10070}, indicating the
importance of inhibitory circuits in the hypothalamus. Based on findings of decreased
GABAA receptor levels in several brain areas, GABAx receptor agonists were proposed
as possible pharmacological treatments for FXS symptoms {Olmos-Serrano, 2010
#10073;0lmos-Serrano, 2011 #10074;El Idrissi, 2009 #10075}. Given our results, this
pharmacological approach may increase incidence of obesity in individuals affected by
FXS. Of note, GABAA receptor agonists cause weight gain and a decrease in locomotor

activity when administered to rats {Murphy, 2011 #10076}.

We detected lower neuronal activity and fewer POMC neurons in Fmrl KO mice.
POMC neurons regulate locomotion and energy expenditure. An increase in energy
expenditure occurs via aMSH binding to the MC4R receptors [53]. However,
mechanisms whereby POMC neurons regulate locomotion are less clear. Animals
increase locomotion to locate food and POMC neurons may be involved in this
anticipatory behavior [52]. POMC neurons directly innervate spinal cord regions of the
premotor networks via long-range projections to MC4R-expressing V2a interneurons
[55]. Furthermore, leptin via leptin receptor expression exclusively in POMC neurons of
leptin receptor KO mice is sufficient to stimulate locomotion [65]. AgRP neurons may

also be involved, since DREADD-mediated acute activation of AgRP neurons decreased
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locomotor activity during the dark cycle [66]. Due to the inability to examine AgRP
neurons in Fmrl KO mice, without crossing to an AgRP-reporter strain, we examined
POMC neurons, since AgRP neurons regulate feeding and satiety, in part, via
GABAergic innervation of POMC neurons [20, 21]. We determined a decrease in the

activity and number of POMC neurons, which may contribute to decreased locomotion.

POMC neurons are a heterogeneous population [51, 52]. In addition to the population
in the arcuate nucleus of the hypothalamus with about 5000 neurons, there is a small
population of about 200 POMC neurons in the nucleus of solitary tract (NTS), whose
function is not clear. Diphtheria toxin—mediated ablation of POMC neurons in the ARC
but not the NTS, increased food intake, reduced energy expenditure, and decreased
locomotor activity in the dark stage [53]. For that reason, we focused on POMC neurons
in the arcuate nucleus. However, there is further functional and regional heterogeneity
within the hypothalamic POMC neurons. Addressing regional heterogeneity, rostral
arcuate nucleus POMC neurons project mostly to autonomic areas in the brainstem, such
as the dorsal vagal complex [67, 68]. POMC neurons in the caudal part of the arcuate
nucleus project to hypothalamic areas, including the PVH. Due to this regional
heterogeneity, we counted POMC neurons in the rostral and caudal portions of the
arcuate nucleus, separately, and detected a decrease in the rostral POMC population.
Findings that POMC neurons from the rostral part of the arcuate nucleus project to the
brainstem, which controls locomotion [59, 60], may correspond to our results or
decreased locomotion and fewer rostral POMC neurons in Fmrl KO male mice.

Functional heterogeneity of POMC neurons within the arcuate nucleus may indicate
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subpopulations with different roles in the regulation of energy balance, locomotion, food
intake, glucose metabolism, and lipid levels {Quarta, 2021 #10004}. Further studies are
needed to explain if differences in connectivity, neurotransmitter and neuropeptide

receptor composition cause the functional heterogeneity.

Foraging for food is guided by olfactory cues and is accompanied by increased
locomotion. FMR]1 is expressed throughout the brain regions associated with olfaction
[69]. Fmrl KO mice exhibit olfactory dysfunctions and decreased ability to detect an
odorant, but lack differences in the ability to habituate to odorants or to discriminate
between them [26]. Study in flies determined that FMRP expression is required to
process olfactory information and create context-dependent memories [70]. Structural
and morphological changes in olfactory brain regions have also been reported in Fmrl
KO mice [13, 69]. Our results using food pellet detection in the buried food test and
marble burying test identified an olfactory deficit. The buried food-seeking test, which
tests whether the food-deprived mice can find the food pellet hidden beneath the bedding,
determined that KO male mice exhibit a delay, likely due to inability to smell food.
Controls for motivation to eat, such as unburied food test, and for burying ability, such as
marble burying test, determined that KO mice have the same motivation to eat as WT,
consistent with lack of differences in food intake; and that KO mice buried more and
thus, exhibit increased repetitive behavior, consistent with Fmr/-associated compulsive
disorders. Important for our studies, this control determined that KO mice have the ability
to dig the bedding. Although it is clear that smelling food increases appetite, the

connections between olfactory circuits and feeding circuits are not completely elucidated.
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Several studies demonstrated the connectivity between olfactory brain regions and the
hypothalamic regions that regulate food intake [71]. Specifically, connections between
the olfactory bulb and the hypothalamic arcuate nucleus where POMC neurons are
located have been described [71-73]. Sensory detection of food after pellet presentation
to mice activated POMC neurons [74], indicating that POMC neurons may be involved in

anticipatory behavior in preparation for food intake [52].

Therefore, it is possible that olfactory dysfunction dysregulates POMC neurons, which
in turn decrease locomotion in the form of food seeking behavior. This decrease in
locomotion reduces energy expenditure and contributes to weight gain, despite the lack of

differences in overall food intake.
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3.1 Abstract

Obesity is a chronic disease with increasing prevalence worldwide. Obesity leads to
increased risk of heart disease, stroke, and diabetes; as well as endocrine alterations,
linked to reproductive disorders, changes in basal metabolism, and stress hormone
production, all of which are regulated by the pituitary. In this study, we performed single
cell RNA sequencing (scRNA-seq) of pituitary glands from male mice fed control
(CTRL) and high-fat diet (HFD), to determine obesity-mediated changes in pituitary cell
populations and gene expression. We determined that HFD induced dramatic changes in
somatotrope and lactotrope populations, by increasing the proportion of somatotropes and
decreasing the proportion of lactotropes. Cell numbers of other hormone-producing cell
populations remained unaffected. Gene expression changes demonstrated that in HFD,
somatotropes became more metabolically active, with increased expression of genes
associated with cellular respiration, and downregulation of genes and pathways
associated with cholesterol biosynthesis. Despite a lack of changes in gonadotrope
numbers, genes important in the regulation of gonadotropin hormone production were
significantly downregulated. Corticotropes and thyrotropes were the least affected in
HFD, while melanotropes exhibited reduced cell number. Lastly, we determined that
changes in plasticity and gene expression caused changes in hormone levels. Serum
prolactin was decreased corresponding to fewer lactotropes, while lower luteinizing
hormone (LH) and follicle-stimulating hormone (FSH) in the serum corresponded to a

decrease in transcription and translation. Taken together, our study highlights diet-
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induced changes in pituitary gland populations and gene expression that play a role in

altered hormone levels in obesity.

3.2 Rationale to elucidating diet-induced obesity changes in the pituitary gland

Obesity is a significant public health concern, since the number of obese people has
steadily increased over the last 30 years (1). Currently, over a third of US population is
obese, which causes $147 billion a year economic burden to the US healthcare system
(2). This increase in obesity has coincided with an increase in co-morbidities, such as
metabolic disorders, type 2 diabetes, cardiovascular disease, stroke, and diminished
reproductive function (3-7). The pituitary gland secretes hormones that control
metabolism, growth, stress response, and reproduction. Thus, pituitary may respond to
increased caloric intake in diet-induced obesity to maintain homeostasis. Furthermore,
pituitary hormone synthesis and secretion is under control of hypothalamic releasing
hormones, that also exhibit gene expression changes in response to obesity (8, 9), since
hypothalamus regulates feeding and satiety, in addition to other homeostatic functions.
To investigate population changes and gene expression changes in the pituitary during

obesity, we analyzed pituitary cells using single cell RNA sequencing (scRNA-seq).

Pituitary gland can be divided into posterior pituitary, a collection of axonal
projections whose cell bodies are located in the hypothalamus that secrete oxytocin and
vasopressin, and anterior pituitary, an endocrine gland. Anterior pituitary comprises the

main portion of the pituitary gland and is composed of five secretory cell types that
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secrete six hormones (10-12). Hormone-producing cells encompass the largest fractions
of anterior pituitary cells: growth hormone (GH)-producing somatotropes are the most
abundant, followed by prolactin (Prl)-producing lactotropes, while thyroid stimulating
hormone (TSH)-producing thyrotropes, luteinizing hormone (LH) and follicle-stimulating
hormone (FSH)-producing gonadotropes, and adrenocorticotropin (ACTH)-producing
corticotropes each comprise smaller percentages of cells. Stem cells, endothelial cells,
and immune cells are also present in the pituitary and although scarce, may regulate the
function of hormone-producing cells (13, 14). These different cell populations develop
sequentially under the control of lineage-defining transcription factors (15, 16). Given
such mixed lineage, scRNA-seq provides an ability to determine changes within one
population of cells, and compare changes at a population level leading to altered cell

number, to transcriptional level leading to gene induction or repression.

Herein, we investigated pituitary changes after a 12-week exposure to a high fat diet.
We previously analyzed gene expression changes in the hypothalamus using a custom
Nanostring probe panel, and reported changes in Gnrh, Dat dopamine transporter, Pomc
mRNA levels in the hypothalamus, in addition to obesity-mediated gene expression
alterations of other neuropeptides and synaptic molecules (8, 9). We also reported
inflammatory changes that stem from activation of resident immune cells and infiltration
of peripheral myeloid cells into the hypothalamus. Since pituitary endocrine cells respond
to hypothalamic releasing peptides, in this study we focused on changes in the anterior

pituitary cells in response to obesity.
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We used the 10x Genomics platform for scRNA-seq to analyze obesity-mediated
changes in gene expression and in different populations of pituitary endocrine cells.
scRNA-seq (17-22) and single nuclei RNA-sequencing (snRNA-seq) (23, 24) of the
pituitary gland was performed previously and we first compared our studies to these
previous studies to classify cell types. We chose the 10X platform that was demonstrated
to have highly consistent performance for high throughput analyses compared to other
methods (25). Given that the pituitary can be relatively easily dissociated into single
cells, compared to other tissues, such as brain, muscle, or adipose, we opted for sScCRNA-
seq rather than snRNA-seq. Although cell dissociation may change select mRNA levels,
scRNA-seq allowed detection of a total cellular RNAs of which nuclear RNAs are only a
portion (25, 26). We then compared different pituitary cell type changes in response to
obesity. We determined changes in pituitary population and gene expression that

correspond to changes in hormone levels in the circulation.

3.3 Materials and Methods
3.3.1 Mice

All experiments were performed with approval from the University of California
(Riverside, CA) Animal Care and Use Committee and in accordance with the National
Institutes of Health Animal care and Use Guidelines. C57BL/6J mice were maintained
under a 12-hour light, 12-hour dark cycle and received food and water ad libitum.

C57BL/6J male mice were obtained from Jackson labs at weaning age. After a week of
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acclimatization on normal chow, mice were placed on either high fat diet (HFD, D12492,
60% kcal from fat; 5.21 kcal/g; carbohydrate 20% kcal, protein 20% kcal, fat 60% kcal
(lard 0.32 g/g diet, soybean oil 0.03 g/g); Research Diet, New Brunswick, NJ) or control
diet (CTRL, D12450J, 10% kcal from fat; matching sucrose levels to HFD; 3.82 kcal/g;
carbohydrate 70% kcal, protein 20% kcal, fat 10% kcal (lard 0.02 g/g diet, soybean oil

0.025 g/g); Research Diet, New Brunswick, NJ) for 12 weeks.

3.3.2 Pituitary gland dispersion

Pituitary glands from each animal were processed separately. Pituitary glands from
16-week old male C57BL/6J mice were dissected, rinsed in ice cold 1X PBS, and placed
into an enzyme cocktail containing 0.25% collagenase and 0.25% Trypsin-EDTA in
HBSS with 25 mM HEPES pH 7.2 for 30 minutes at 37 C. Enzymatic reaction was
stopped with 10% Fetal Bovine Serum (FBS) in DMEM and 1% Penicillin-Streptomycin.
DNAsel at a final concentration of 25 pg/ml was added to each pituitary suspension for
10 minutes at 37 C, Debris was removed by passing through a 70 uM filter and cells were
gently pelleted at 180 g for 5 minutes and resuspended at ~1200 cells per uL. in DMEM

for 10x Genomics gel beads-in-emulsion (GEM) preparation.

3.3.3 Single cell capture and library preparation using 10x Chromium platform

Single cell 3’ library generation was performed using the 10x Genomics Chromium

Controller, following the manufacturer’s protocol for the v3.1 reagent kit (10x Genomics,
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Pleasanton, CA, CG000204). Single cells RNA-sequencing (scRNA-seq) was performed
using four lanes on the 10x Genomics Chromium, providing two biological and technical
replicates for each diet. Individual pituitary suspensions were loaded onto a Chromium
Single Cell A Chip, one suspension per lane, with a master mix of reverse transcription
(RT) reagents, single cell 3* v3.1 gel beads, and partitioning oil into respective wells.
Each sample contained a total of 16,560 cells with cell viabilities between 90-95% at a
concentration of 1200 cells/pl with a targeted cell recovery of 10,000 cells per channel at
a multiplet rate of 7.6%. Following GEM creation, RT was performed to generate
barcoded cDNA. The resulting post-GEM RT product was cleaned up using DynaBeads
MyOne SILANE beads (Thermofisher Scientific) and SPRIselect Reagent kit (Beckman
Coulter). Full-length barcoded cDNA was amplified, cleaned, and fragmented, to
generate sequencing libraries. 3’ single cell gene expression libraries were generated
using a fixed proportion (25%) of the total cDNA per sample), with unique indices per
sample to allow for multiplexing (Chromium Dual Index Kit TT, Set A, PN-1000215,
10x Genomics). Libraries were quantified by Qubit 3 fluorometer (Invitrogen) and
quality assessed by the 2100 Agilent High Sensitivity BioAnalyzer (UC Riverside
Genomics Core Facility, Riverside, CA). Equivalent molar concentrations of libraries
were pooled and sequenced using Novaseq 6000 (Illumina) using 10x Genomics
recommended sequencing depth and run parameters (sequencing depth of 50,000 read
pairs per cell) at the UC San Diego (UCSD) Institute for Genomics Medicine (IGM)

Center.

98



3.3.4 Data processing and Quality Control

Demultiplexed FASTQ files were aligned to the mouse mm10-2020-A genome with
Cell Ranger v6.1.2 with default setting using STAR aligner in the Cell Ranger count
pipeline. The Cell Ranger count pipeline uses FASTQ files to perform alignment,
filtering, barcode counting, and UMI counting, to determine clusters and gene expression
analysis. The Cell Ranger-generated gene expression matrices were imported into R
(v4.2.2) (R Core Team 2022: R: A Language and Environment for Statistical Computing.
Vienna, Austria: R Foundation for Statistical Computing. https://www.R-project.org/ )
with the Seurat (v4.3) package (27) using the convenience function Read10X. The
function imports individual samples processed through the Cell Ranger pipeline as a
Seurat Object. All the samples (i.e., Seurat objects) were aggregated into one with the
Seurat merge function. Quality control analysis was carried out on the aggregated object
to identify and remove low-quality cells. Specifically, cells were selected for further
downstream analysis on the following criteria: gene counts > 1000, UMI counts per cell >
1000, log10GenesPerUMI > 0.8; fraction of reads in cells was between 86%-91%, cells
with mitochondrial genes > 20% were filtered out to eliminate dead cells. Included cells
were further subjected to doublet detection using Chord with default settings, which were
also filtered out (28). (Supplemental Figure 3.1 and Supplemental Table 3.1 demonstrate

quality control parameters).
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Supplemental Fig 3.1 Quality Control of scRNA-seq datasets. A. Gene counts; B. UMI counts per cell;
C. Log10GenesPerUMI; D. Percent mitochondrial genes, vertical line indicates 20% of mitochondrial

genes set as a cutoff for inclusion (left of line) or exclusion (right).
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Ctrl 1 Ctrl 2 HFD 1 HFD 2
Number of 7,463 8,173 10,921 8,180
cells
Total sequence | 770,377,703 676,466,100 617,667,548 718,862,907
reads
Sequencing 79.7% 75.7% 78.6% 78.8%
saturation
Fraction of 86.0% 90.1% 86.3% 90.7%
reads in cells
Total genes 23,199 23,216 22,759 23,265
detected
Mean reads per | 103,226 82,768 56,558 87,881
cell
Median genes | 3,004 3,468 1,707 3,139
detected per
cell
Median UMI 9,9433 11,771 4,822 10,490
per cell
Reads mapped | 94.5% 94.2% 93.1% 95.3%
to genome
Reads mapped | 73.9% 72.6% 70.6% 74.3%
uniquely to
transcriptome

Supplemental Table 3.1 Cell Capture and Sequencing Metrics for scRNA-seq of C57BL/6J mouse

pituitary gland fed either control (CTRL) or high fat diet (HFD).
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3.3.5 Normalization, Dimensional Reduction and Clustering

Data were normalized using the Seurat SCTransform (v0.3.5) package (29, 30) with
parameters method = "glmGamPoi", vst.flavor="v2" and regression of the percentage of
mitochondrial genes mapping. Principal component analysis (PCA) within the Seurat
package was performed using RunPCA with n = 30. Cell clusters were generated using
the 30 principal components with the FindNeighbors and FindClusters functions within
Seurat and visualization in a two-dimensional space using the UMAP algorithm. To
identify markers for each cluster, the FindAllMarkers function within Seurat was applied
with the Wilcox likelihood-ratio test and p-value adjustments using the Bonferroni
correction. Markers were defined as genes with expression in more than 25% of the cells
within the cluster and having a positive log2 fold change >= 0.25 against all other

clusters and an adjusted p-value < 0.05.

3.3.6 Differential gene expression (DEG) and gene ontology (GO) enrichment analysis

Differentially-expressed genes (DEGs) between conditions (CTRL and HFD) for each
cluster were identified using the Seurat FindMarkers function with parameters
“min.pct=0.25 logfc.threshold=0.25". Specifically, the Seurat object containing all the
clusters and normalized data was subset by cluster and the FindMarkers function was
applied to each cluster. DEGs, presented in the volcano plots, were defined as genes with
expression in more than 25% of the cells within the cluster and having log2 fold change

threshold more than 25% between CTRL and HFD with a p-value <0.05. Gene ontology
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(GO) enrichment analysis was carried out using ShinyGo v0.77 platform (South Dakota
State University) (31). All significant genes that were up or downregulated (Upregulated:
Log2FC > 0.25, -Log10 (p-value) >1.3, Downregulated: Log2FC < 0.25, -Log10 (p-
value) >1.3) for each relative comparison were visualized using a dotplot chart, plotting
fold enrichment for each respective GO term for Biological Processes. For each GO

enrichment analysis, FDR of <0.05 was applied, with the pathway minimum set to 10.

3.3.7 Sub-cluster analysis

To identify sub-clusters within the annotated cell cluster (e.g., somatotrope), cells
within a cluster were first extracted using the base R subset function. The reduced dataset
(containing only cells within the cluster) was subjected to normalization, PCA
dimensional reduction, and clustering using the same parameters and settings as before
for all the data. Differential expression analysis within each sub-cluster was determined

as described above.

3.3.8 Pseudotime trajectory analysis

Trajectory analyses were implemented using the Monocle3 packages (32) with default
parameters. For the somatotrotope - progenitor - lactotrope lineages, Poulfl expressing
cells were set as the trajectory root. For the gonadotrope - thyrotrope trajectories, Cga

expressing cells were set as the root.
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3.3.9 Hormone analysis

CTRL and HFD males were sacrificed between 9 am and 11 am by isoflurane
inhalation and blood was obtained from the inferior vena cava. Blood was left to
coagulate for 15 min at room temperature and centrifuged at 2000g for 15 min to obtain
serum. Hormone levels were measured using Luminex MagPix instrument using the
Milliplex MAP Mouse Pituitary Magnetic Bead Panel (MPTMAG-49K, Millipore Sigma,
Burlington, MA). Given that LH antibody from the Millipore panel did not pass quality
control, we performed the ultra-sensitive, in-house LH ELISA to measure LH in serum
(33). The capture monoclonal antibody (anti-bovine LH beta subunit, 518B7,

RRID:AB 2665514) was provided by Janet Roser (University of California, Davis). The
detection polyclonal antibody (rabbit LH antiserum, AFP240580Rb, RRID:AB 2665533)
was provided by the National Hormone and Peptide Program (NHPP). HRP-conjugated
polyclonal antibody (goat anti-rabbit) was purchased from DakoCytomation (Glostrup,
Denmark; D048701-2). Mouse LH reference prep (AFP5306A; NHPP) was used as the
assay standard. The assay sensitivity is 0.016 ng/ml and the intra-assay coefficient of
variation is 2.2% and inter assay coefficient of variation was 7.3% at the low end of the
standard curve. Statistical analysis was performed by GraphPad Prism 9. Each animal is
presented with a dot, while group average was presented as a bar + standard error.
Statistical differences between CTRL and HFD male mice were determined using t-test

and Tukey’s posthoc analysis (p < 0.05).
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3.4 Results
3.4.1 scRNA-seq of pituitary glands identified pituitary cell types

Pituitary single-cell suspensions from control (CTRL) or high fat diet (HFD) male
C57BL/6J mice were processed separately and loaded on the Chromium Next GEM
Chip, each into a separate well to account for biological and technical variability
(Supplemental Table 3.1). Single cell libraries were aggregated, and quality control (QC)
performed using Seurat. A total of 23,888 cells were recovered: 4,151 and 6,813 cells for
CTRL and 5,940 and 6,984 cells for HFD. Uniform Manifold Approximation and
Projection (UMAP) plots of each biological replicate were highly similar, and all cell
populations were common to each sample in the aggregated data set (Supplemental

Figure 3.2), demonstrating low variability between samples.
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Supplemental Figure 3.2 UMAP plot of aggregate cells from CTRL and HFD mice.
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Seurat was used to identify cell clusters presented in UMAP of aggregated data set
(Fig. 3.1A). Sixteen separate population clusters were identified (Fig. 3.1A). Pituitary
populations were initially identified with known marker genes (Fig. 3.1B). Somatotropes
(#1, green), characterized by high expression of Gh, were the most abundant cell
population comprising 36% of cells. Prl-expressing lactotropes (#2, magenta) were the
second most abundant cell type comprising 18%. Corticotrope (#4, yellow, 9%) and
intermediate lobe melanotropes (#5, orange, 7%) were identified by high expression of
Pomc. Melanotropes were distinguished from corticotropes by expression of Oacyl,
which was previously described as a novel marker of melanotropes (17) (Fig. 3.1B).
Melanotropes (#5, orange) also demonstrated significant differences from a population
exhibiting melanotrope progenitor markers, such as Pax7 and Thx19 (#15, silver, melano-
progen, 0.3% of all cells), that they separated into different clusters. Gonadotropes (#8,
purple), representing 5% of cells, were identified by Lhb and Fshb, and thyrotropes (#9,
brown), representing 2% of cells, were identified by 7shb expression. Lineage-specific
transcription factors, such as Poulfl and Nr5al were highly expressed in their respective
cell types. Poulfl was expressed in somatotropes and lactotropes and their progenitors
(#3, darker blue, 4% of cells), while Nr5al, a SF1 transcription factor that marks
committed gonadotropes, was expressed highly in the gonadotrope population (Fig.
3.1B). We also identified double-positive Poulfl+Nr5al+ population (#14, pink, 0.3%
of cells) that exhibited lower expression of hormonal genes, Gh, Prl, Lhb, Fshb, than
fully differentiated somatotropes, lactotropes or gonadotropes, respectively (Fig 3.1B).

This population was previously described (22) and proposed to be a new developmental
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trajectory. Co-expression of Poulf1 and Nr5al was also previously described in pituitary
tumors (34). Endothelial cells (#7, blue), representing 5% of cells, were defined by
expression of Plvap; stem cells (#6, red) representing 6% of cells, by the expression of
Mia; myeloid cells (#12, orange) representing 2.8% of cells, by the expression of Cx3crl/
and Trem?2, and lymphoid cells (#13, lavender) representing 0.7% of cells, by the

expression of Cd3g (Fig. 3.1B).

To further characterize clusters and identify top differentially expressed genes that
define each cluster, top six markers for each hormone-producing cell type, endothelial
and stem cells were plotted in a heatmap (Fig. 3.1C). Unsurprisingly, the top marker in
each hormone-producing cluster was the specific hormone it produces and secretes, such
as Gh for somatotropes, Pr/ for lactotropes, Pomc for corticotropes and melanotropes,
Lhb and Fshb for gonadotropes and Tshb for thyrotropes (Fig. 3.1C). Most of other
cluster-defining genes were previously characterized (17), such as Pappa2 and Radl8 in
somatotropes, Angptl and Edil3 in lactotropes, Tnntl for corticotropes, Oacyl, EsmI and
Pkib in melanotropes and Tgfbr3l, Sppl and Greml in gonadotropes (Fig. 3.1C). Adult
pituitary stem cells, the largest non-hormonal producing population, were enriched in
markers such as Mia, Lcn2, in addition to Sox2; while endothelial cells were enriched in
Igfbp3 and Igfbp7, in addition to Plvap (Fig. 3.1C). These most highly enriched genes per

cluster support our classification of the 16 identified populations.
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Fig 3.1 Identification of mouse pituitary cell types using scRNA-seq. A. UMAP representation of
23,888 male pituitary cells from the merged data sets from CTRL and HFD. Cells of the same type were
color-coded, while each dot represents a single cell; B. Violin plot representation of expression levels of
marker genes for each cell type (same colors as in A); C. Heat map demonstrates expression of the top 6
enriched genes in somatotropes (Som), lactotropes (Lac), corticotropes (Cor), melanotropes (Mel),
gonadotropes (Gon), thyrotropes (Thy), stem cells (Stem) and endothelial cells (End).
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3.4.2 High fat diet induced population changes in the pituitary gland

Given that obesity causes significant homeostatic changes, we determined whether
HFD induced population changes in the pituitary hormone-producing cell clusters (Fig.
3.2). We performed clustering analysis and compared pituitary populations in CTRL and
HFD diet male mice (Fig. 3.2A). The same populations were detected in HFD as in
CTRL, however there was a significant shift in several of the clusters, specifically in
somatotropes (green) and lactotropes (magenta) (Fig. 3.2A). To easier observe these
differences, we overlapped UMAP projections of CTRL and HFD (Fig. 3.2B). The
somatotrope fraction increased from 30.2% in CTRL to 41.1% in HFD, while lactotrope
fraction decreased from 21.6% to 14.4% (Fig. 3.2C). Melanotrope population also
changed, and its proportion decreased in HFD, from 11.2% in CTRL to 4.5% in HFD.
We previously analyzed obesity-mediated inflammation in the hypothalamus (7-9, 35,
36), and determined obesity-induced infiltration and increased numbers of immune cells
of myeloid lineage. In the pituitary, as well, myeloid cell numbers increased from 2.5% in
CTRL to 2.8% in HFD. Other populations did not demonstrate significant differences in
cell numbers between HFD and CTRL (Fig. 3.2C). Because HFD induced population
changes in somatotropes and lactotropes, we determined if these population changes were
due to altered differentiation from PoulfI-progenitor populations. A pseudotime
trajectory analysis was performed, with PoulfI gene expression set as the root, to
determine the developmental progression of somatotrope and lactotrope populations (Fig.
3.2D). In CTRL, the pseudotime trajectory indicated a normal differentiation pattern,

with PoulfI-expressing cells beginning at the progenitor population and from there, these
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cells either adopted a somatotrope or lactotrope fate (Fig. 3.2D). By contrast, this
developmental progression was impaired in HFD. Consistent with increased numbers of
somatotrope, PoulfI-progenitors differentiated faster into the somatotrope population,
while a subset of cells became lactotropes slower (Fig. 3.2D). This change in
developmental progression could indicate reasons for a larger somatotrope cluster in
HFD and for fewer lactotropes in HFD compared to CTRL (Fig. 3.2C). Overall, this data
suggests that HFD induced population changes in the pituitary gland, primarily in the
somatotrope and lactotrope populations, and that these changes may arise due to
alterations in differentiation of PoulfI-progenitor populations to somatotrope or

lactotrope lineages.
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3.4.3 Gene expression and sub-cluster population changes in somatotropes and

lactotropes

After determining the most significant population shifts occurred in the somatotrope
and lactotrope populations (Fig. 3.2), we performed sub-cluster analysis of somatotropes
(Fig. 3.3) and lactotropes (Fig. 3.4), to determine which sub-populations contribute to
HFD-induced changes in these populations. Additionally, we analyzed gene expression
changes in response to HFD. Sub-cluster analysis of the somatotropes identified seven
sub-clusters (Fig. 3.3A). We analyzed expression of genes that are important for
somatotrope differentiation and specification to define sub-clusters (Fig. 3.3B). Gh
expression was the highest in sub-clusters 0 and 2, while Ghrhr expression was uniform
across all sub-clusters (Fig. 3.3B). Committed somatotrope markers, Neurod4 and
Poulfl, were also expressed highly in all sub-clusters, demonstrating that all sub-clusters
were indeed somatotropes (Fig. 3.3B). Markers of previously characterized sub-
population of somatotropes expressing sterol/cholesterol biosynthesis genes (17), Ldlr
and Hmgcs 1 were expressed highly in sub-clusters 1 and 2, in addition to Socs3 (Fig.
3.3B). Sub-cluster 3 comprised somatotropes enriched in fatty-acid metabolism genes
that have high expression of the fatty acid-binding protein 5 (Fabp35), apolipoprotein E
(Apoe), uncoupling protein 2 (Ucp2), and malate dehydrogenase (Mdh?2) (data not
shown). Sub-cluster 5 contained metabolically active somatotropes with high levels of
mitochondrial electron transport genes and cytochrome genes, m¢-Col, mt-Co2, mt-Co3,
mt-Cytb, mt-Nd genes (not shown). Somatotrope sub-cluster comparison between HFD

and CTRL, demonstrated striking differences in cell number, namely an increase in sub-
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clusters 0 (8.5% in CTRL and 39% in HFD) and sub-cluster 3 (2.4% in CTRL and 20.3%
in HFD) in HFD compared to CTRL and a decrease in sub cluster 1 (42% in CTRL and
16% in HFD) and sub-cluster 2 (38% in CTRL and 3% in HFD) in HFD compared to

CTRL (Fig 3.3C-D).

We performed differential gene expression (DEG) analysis between HFD and CTRL
somatotropes and identified 88 upregulated DEGs and 81 downregulated DEGs (Fig.
3.3E). Fabp), the top marker of subcluster 3, that had significantly more cells in HFD
compared to CTRL, was up-regulated in HFD (Fig 3.3C-E). During QC analyses, we
filtered out cells whose mitochondrial gene expression count was higher than 20% to
filter out dead or dying cells. After filtering, HFD somatotropes still demonstrated
upregulation of m¢-Cytb and mt-Co2, enriched in sub-cluster 5, which indicated that
respiration electron transport chain and proton transmembrane pump pathways were
significantly upregulated (Fig. 3.3E). Glycoprotein metabolic and biosynthetic GO
pathways were among the top GO terms that were upregulated in HFD (Fig. 3.3E). Genes
enriched in these pathways include /tm2b, Itm2c and TmemS59. Genes and pathways that
were down-regulated in HFD compared to CTRL include genes involved in sterol
biosynthesis and cholesterol biosynthesis pathways, such as Hmgcs1 and Hmgcsr (Fig.
3.3E). Significant decrease of these genes corresponds to changes in sub-cluster size in
HFD, since these genes are top markers for sub-clusters 1 and 2, both of which are
decreased In HFD (Fig. 3.3C-D). Socs3, a negative regulator of the Janus kinase/signal
transducer and activator of transcription (JAK/STAT) pathway, was also significantly

decreased in HFD somatotropes (Fig. 3.3E). Socs3 regulates several hormones involved
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in metabolism, including insulin, growth hormone, and insulin-like growth factor-1
signaling. Socs3 is also highly expressed in sub-clusters 1 and 2, which are decreased in
HFD (Fig. 3.3B-3.3D). In addition, genes and GO pathways that were enriched in cell
stress response, such as Hsp90aal and Pappa2 were downregulated in HFD (Fig. 3.3E).
Radl8 expression, an E3 ubiquitin protein ligase that was highly enriched in
somatotropes (Fig. 1C), significantly decreased in HFD somatotropes compared to CTRL
(Fig. 3.3E). Overall, this data suggests that HFD induced somatotrope population changes
and that these population changes correspond to changes in gene expression in obesity.
Expression of Gh, Ghrhr, and other genes highlighted in feature plots in Fig. 3.3B

(except for Socs3 and Hmgcesl, discussed above), did not change in HFD.
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Fig 3.3 Somatotrope sub-cluster analysis identifies HFD-induced population changes. A. UMAP
representation of all somatotrope sub-clusters (CTRL and HFD combined); B. Feature plots of somatotrope
enriched genes, expression scale represents Log2 expression; scales differ for each gene depending on an
expression level; C. UMAPS of CTRL (left) and HFD (right) sub-cluster plots; D. Sub-cluster cell number
proportions in CTRL and HFD; E. Volcano plot demonstrating differentially expressed genes (DEGs) in
somatotropes from CTRL and HFD (left). Genes depicted as red dots represent significantly up-regulated
genes in HFD (Log2FC >0.25, -Log10(p-value) >1.3) and genes depicted as green dots represent
significantly down-regulated genes in HFD (Log2FC <0.25, -Log10(p-value) >1.3). Genes depicted as
black dots are genes that did not meet significance threshold. Gene ontology (GO) analyses demonstrate
enriched pathways for significantly up-regulated and down-regulated genes.
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Lactotrope sub-cluster analysis revealed six sub-clusters (Fig. 3.4A). Top markers in
sub-clusters reveal that Prl/ was highly expressed in sub-clusters 0 and 4, while lineage-
commitment marker, Poulf] was expresses the highest in sub-clusters 1 and 2, indicating
that sub-clusters 1 and 2 were immature lactotropes (Fig. 3.4B). Galanin (Gal), a peptide
that is important in regulating prolactin release and lactotrope proliferation, was highly
expressed in sub-cluster 1 (Fig. 3.4B). Sub-cluster proportions rated significant plasticity
between CTRL and HFD (Fig. 3.4C-D). There was a significant decrease in sub-cluster 1
in HFD compared to CTRL (51% in CTRL compared to 8% in HFD), and a significant
increase in sub-cluster 2 in HFD (6% in CTRL compared to 44% in HFD) (Fig. 3.4C-D).
DEG analysis in lactotropes between HFD and CTRL indicated 47 significantly
up-regulated genes in HFD, and 78 down-regulated genes in HFD (Fig. 3.4E). Decrease
in Prl, Drd2, Esrl, and Ets2 mRNAs did not reach 25% change cutoff (data not shown),
while Poulfl mRNA levels did not change at all. Expression of heat shock protein genes
(Hspala, Hspalb and Hspbl) was significantly up-regulated, which correlated with
protein refolding and peptide hormone processing as most changed pathways (Fig. 3.4E).
Hspb1 expression was highest in sub-clusters 0, 2, and 5, all of which were increased in
HFD (Fig. 3.4B-D), suggesting that increased gene expression in heat shock proteins in
HFD corresponded with changes in lactotropes population dynamics. Peptide hormone
processing and insulin metabolic processing were also significantly up-regulated GO
pathways, marked by significant increases in Cpe and Pcsk2 (Fig. 3.4E). Down-regulated
genes in HFD lactotropes belong to stress response and nitric oxide mediated signaling

pathways (Fig. 3.4E) such as M¢tI, Mt2 and Rasd . Ablation of Mt] and M¢2 have been
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implicated in obesity pathogenesis, as a potential link in the regulation of energy balance,
however their role in the pituitary gland and in lactotropes remains unknown (37).
Galanin (Gal) was significantly down-regulated, and had the highest expression in sub-
cluster 1, which was significantly decreased in HFD (Fig. 3.4B-E). Galanin that
colocalizes with prolactin in the same secretory granule, facilitates the secretion of
prolactin and acts as a growth factor for the lactotrope (38). Because galanin expression
is decreased in lactotropes on HFD, we hypothesize that low galanin expression could
contribute to lower lactotrope number (Fig. 3.4C-E). Taken together, these data suggest
that somatotrope and lactotrope populations undergo dramatic sub-cluster population
changes in response to HFD, and these population changes correspond to changes in gene

expression induced by HFD.
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Fig 3.4 Lactotrope sub-cluster analysis identifies HFD-induced population changes. A. UMAP
representation of lactotrope sub-clusters (CTRL and HFD); B. Feature plots of lactotrope enriched genes,
expression scale represents Log2 expression of representative genes, scales differ for each gene depending
on the expression level; C. UMAPS of CTRL (left) and HFD (right) sub-clusters: D. Sub-cluster cell
number distributions in CTRL and HFD; E. Volcano plot highlighting select differentially expressed genes
(DEGs) in HFD and CTRL lactotropes (left). Genes depicted as red dots represent significantly up-
regulated genes in HFD (Log2FC >0.25, -Log10(p-value) >1.3) and genes depicted as green dots represent
significantly down-regulated genes in HFD (Log2FC <0.25, -Log10(p-value) >1.3). Gene ontology (GO)
analyses demonstrate significantly up-regulated and down-regulated pathways (right).
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3.4.4 Diet-induced obesity down-regulates gonadotropin gene expression

Obese people and experimental animals have impaired gonadotropin production as
well as sub-fertility. In agreement, our previous study indicated that male mice fed HFD
have reduced LH, FSH and testosterone levels (9). We sought to investigate whether
gonadotrope population was altered in HFD and if gene expression changes result in
changes in hormone secretion (Fig. 3.5). Gonadotrope sub-cluster analysis revealed four
sub-clusters (Fig. 3.5A). Expression of Lhb and Fshb showed the highest expression in
sub-cluster 0, while Cga and Gnrhr were most highly expressed in sub-cluster 2, in
addition to sub-cluster 0, suggesting that sub-cluster 0 represents a mature gonadotrope
population, while sub-cluster 2 marks an immature committed gonadotrope population
(Fig. 3.5B). Nr5al and FoxI2 that are important for Lhb and Fshb expression,
respectively (39-44) were also expressed most highly in sub-clusters 0 and 2, while
Tgfbr3l, a novel inhibin B co-receptor that has been shown to be specifically expressed in
gonadotropes (45), was most highly expressed in sub-cluster 0 (Fig. 3.5B). Sub-cluster
analysis between CTRL and HFD did not show any significant changes in cell numbers
(Fig. 3.5C-D). Gonadotropes DEG analysis revealed 25 DEGs that were up-regulated in
HFD and 253 DEGs that were significantly down-regulated in HFD (Fig. 3.5E). Of the
DEGs that were up-regulated were Grem I, Cga and Speer4e, which has been implicated
as a novel marker of gonadotropes (17). Genes that encode LH and GnRHR (LAb and
Gnrhr) as well as genes that are important in transcriptional regulation of gonadotropin
hormones, such as Fos, Jun, Egrl and Atf3, were significantly down-regulated in HFD

(Fig. 3.5E). Fshb, Tgfbr3l, Fox/2 and Nr5al did not change with HFD. The top GO
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pathways that were down-regulated in HFD correspond to transcriptional regulation as
well as mRNA binding proteins (Fig 3.5E). This suggests that gonadotropin hormone
transcriptional regulation and translation are down-regulated in diet-induced obesity.
Because we determined significant suppression of genes important in the regulation of
gonadotropin gene expression in the mature gonadotrope, we wanted to determine if HFD
impairs gonadotrope differentiation (Fig. 3.5F). We performed pseudotime trajectory
analysis, setting Cga expression as the root, and we did not see any significant
differences between HFD and CTRL, suggesting that decreased gonadotropin gene
expression is not due to impaired gonadotrope differentiation (Fig. 3.5F). Taken together,
these data suggest that HFD does not induce population changes in the gonadotrope,
however there are significant gene expression changes, primarily suppression of genes
important in the transcriptional regulation of gonadotropin hormones, which may cause

changes in hormone production and secretion in obesity.

121



Gnrhr Cga

: | R N L
‘3&% "3 & v
i I iy ‘§1- [ P}

FoxI2 ) Nr5a1 .
fos oy Hos

100
2 R 757
. £
20 3 50
= 3
z
2] 251
5 0 5 0 5 0 5 10 -
UMAP_1 UMAP_1 CTRL HFD
UP in HFD Gon - GO pathways
E N. of Genes
80 . Signaling receptor inhibitor activity = B 22
Gm10076 : Carboxypeptidase activity » — 32
601 UbaS2- Protein kinase activator activity » s—— ® 40
— 401 Rbm3.- . Nupr1 Kinase activator activity » —— 4031? (FOR)
E Lh?Egm_ i/ w2 Endopeptidase activity - me— e
g 20 1 Dnajbts Y ﬁ‘. ~-Csrp2 ' o » )
§ 10 1Gnrhr o Fold Enrichment
g, 87Fosp DOWN in HFD Gon - GO pathways
S 6 L N. of Genes
T o4 RNA stem-100p binding » s— 2
2] Basal Trxn factor binding » se—— s
MRNA 5 ~UTR binding » — Soei0(FoR)
0 T T T T Poly(A) binding = e— .
-15 -1.0 -05 00 05 10 15 Postsynaptic StrUCIUre » me— 3
Log2 Fold Change Diacylglycerol kinase activity = H
0 . 1.0 2'0 3.0
F Fold Enrichment
5 CTRL % HFD
Gonadotrope Gonadotrope
0 ‘é? o 0 Pseudotime
N 0
% g o 10
3 - % 7 | 75
-5 -5 5
25
0
-10 ‘Thyrotrope -10 Thyrotrope
=10 ] 10 10 io

UMAP_1 bUMAP 1
Fig 3.5 Gene expression changes in gonadotrope cells induced by HFD. A. UMAP representation of
gonadotrope sub-clusters (CTRL and HFD, combined); B. Feature plots of gonadotrope genes, expression
scale represents expression, scales adjusted for each gene expression level; C. UMAPS of CTRL (left) and
HFD (right) sub-cluster analysis; D. Sub-clusters cell number proportions in CTRL and HFD; E. Volcano
plot comparing DEGs in HFD and CTRL gonadotrope (left). Genes depicted as red dots represent
significantly up-regulated genes in HFD (Log2FC >0.25, -Log10(p-value) >1.3) and genes depicted as
green dots represent significantly downregulated genes in HFD (Log2FC <0.25, -Log10(p-value) >1.3).
GO analyses demonstrate significantly up-regulated and down-regulated pathways (right). F. UMAPs of
pseudotime trajectory analysis of gonadotrope and thyrotrope progression with Cga expression set as the
root, CTRL (left) and HFD (right).
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3.4.5 Corticotropes and thyrotropes are least affected by HFD

Obese individuals have dysregulated glucocorticoid production and secretion, as well
as altered basal metabolism and thyroid function (46). Corticotrope and thyrotrope
populations lacked changes in cell numbers in HFD (Fig. 3.6). Sub-cluster analysis of
corticotropes identified three sub-clusters (Fig. 3.6A). Pomc expression was the highest
in sub-cluster 0 (Fig. 3.6B). Thx19 and Crhrl were highly expressed in sub-clusters 0 and
1 (Fig. 3.6B). Tnntl, which has been previously identified as a novel marker for
corticotropes (17), showed the highest expression in sub-cluster 1 (Fig. 3.6B). There were
no significant changes in sub-cluster cell numbers between HFD and CTRL (Fig. 3.6C-
D). DEG analysis between CTRL and HFD corticotropes indicated 61 significantly up-
regulated genes and 50 down-regulated genes (Fig. 3.6E). Genes that were significantly
up-regulated include Hspbl, Hspalb and Hspala, which are important in protein
chaperone activity (Fig. 3.6E). Top down-regulated genes in HFD corticotropes include
nuclear receptors, Nr4al (Nur77) and Nr4a2 (Fig. 3.6E), indicating that transcriptional
activity is decreased corresponding to its respective GO pathway down-regulation. Tnntl,
a novel marker highly expressed in sub-cluster 1, was significantly down-regulated in
HFD corticotropes, without cell number changes (Fig. 3.6B-E). While the role of 7Tnnt/
in corticotropes has not been elucidated, previous human GWAS studies identified
hypermethylation of 7nntl gene in blood samples of overweight and obese adults, and
decreased expression in skeletal muscle in obese patients and patients with type 2

diabetes (47, 48), suggesting its role in obesity.
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Thyrotrope sub-cluster analysis identified two sub-clusters (Fig. 3.6F). High
expression of 7shb was identified in sub-cluster 1, suggesting that this sub-cluster marks
a mature thyrotrope population (Fig. 3.6G). Other thyrotrope markers, such as, Cga,
Gata2, Poulfl and FoxI2 (49), were expressed in both sub-clusters 0 and 1, suggesting
that sub-cluster 0 represents immature thyrotropes (Fig. 3.6G). Comparison of sub-cluster
population numbers between CTRL and HFD showed no significant differences (Fig.
3.6H-I). DEG analysis between HFD and CTRL thyrotropes identified 30 DEGs that
were up-regulated and 60 that were down-regulated in HFD, however genes involved in
TSH transcriptional regulation and secretion, and marker genes highlighted in Fig. 3.6G
did not change (data not shown). This suggests that thyroid hormone synthesis was not

affected by HFD.
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Fig 3.6 HFD does not induce population changes in corticotropes and thyrotropes. A. UMAP
representation of corticotrope sub-clusters (CTRL and HFD); B. Feature plots of corticotrope marker genes,
expression scale represents expression levels; C. UMAPs of CTRL (left) and HFD (right) sub-clusters; D.
Sub-clusters cell number proportions in CTRL and HFD. E. Volcano plot comparing DEGs in HFD and
CTRL corticotrope. Genes depicted as red dots represent significantly up-regulated genes in HFD (Log2FC
>0.25, -Log10(p-value) >1.3) and genes depicted as green dots represent significantly down-regulated
genes in HFD (Log2FC <0.25, -Log10(p-value) >1.3). GO analyses indicating up-regulated and down-
regulated pathways; F. UMAP representation of thyrotrope cells sub-clusters (CTRL and HFD); G. Feature
plots of thyrotrope marker genes, expression scale represents expression; H. UMAPs of CTRL (left) and
HFD (right) sub-clusters; I. Cell type distributions of sub-clusters in CTRL and HFD.
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3.4.6 Melanotrope cell number is decreased in HFD

Although melanotropes are not anterior pituitary hormone producing population,
melanotropes showed significant population changes in response to HFD. Therefore, we
analyzed melanotrope sub-clusters and identified four sub-clusters (Fig. 3.7A). Pomc and
melanotrope-specific marker, Oacyl, expression was highest in sub-clusters 0 and 2 (Fig.
3.7B). Melanotrope-precursor genes, 7bx19 and Pax7 were expressed in all sub-clusters
(Fig. 3.7B). Analyses of differences between CTRL and HFD, showed significantly
fewer melanotrope cells in all sub-clusters in HFD compared to CTRL, however there

were no differences in sub-cluster distribution (Fig. 3.7C-7D).

After performing DEG analysis between HFD and CTRL melanotropes, we identified
39 significantly upregulated DEGs and 61 significantly downregulated DEGs (Fig. 3.7E).
Genes and GO pathways that were upregulated in HFD melanotropes include Cidea, ler3
and Cd24a, whose pathways correspond to negative regulation of tumor necrosis factor
(TNF) production and apoptotic processes (Fig. 3.7E). GTP-Binding Protein (Gem), a
regulatory protein in receptor mediated signal-transduction, was significantly increased in
HFD melanotropes and showed highest expression in sub-cluster 1 (Fig. 3.7B, E). In
addition, proprotein convertase subtilisin/kexin type 2 (Pcsk2), a serine endopeptidase
that is hallmark of melanotrope identity and is responsible for the conversion of
prohormone POMC (20), was up-regulated in HFD (Fig. 3.7E). Pcsk2 expression was
highest in sub-clusters 0 and 2 in melanotropes, and although we did not see significant
changes in Pomc expression (data not shown), Pcsk2 is important in the regulation of

insulin and glucagon biosynthesis, with some reports demonstrated that point mutations
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have been associated with obesity and type 2 diabetes (50, 51). Down-regulated genes,
Mt1 and Mt2, and pathways in HFD melanotropes correspond to stress response (Fig.
3.7E). Overall, this data suggests that while HFD diminishes the melanotrope numbers
and causes gene expression changes compared to CTRL, overall cell type distribution

between sub-clusters did not change.
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Fig 3.7 Fewer melanotrope cells in HFD. A. UMAP representation of melanotrope sub-clusters (CTRL
and HFD combined); B. Feature plots of melanotrope genes, expression scale represents Log2 expression;
C. UMSPD of CTRL (left) and HFD (right) sub-clusters; D. Cell type distributions of sub-clusters in CTRL
and HFD; E. Volcano plot comparing DEGs in HFD and CTRL melanotropes (left). Genes depicted as red
dots represent significantly upregulated genes in HFD (Log2FC >0.25, -Log10(p-value) >1.3) and genes
depicted as green dots represent significantly downregulated genes in HFD (Log2FC <0.25, -Log10(p-
value) >1.3). GO analyses indicating enriched pathways.
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3.4.7 HFD-induced changes in the pituitary gland correspond to changes in hormone

levels in the serum

Since diet-induced obesity leads to changes in cell numbers and gene expression in the
pituitary gland, we determined if pituitary hormone levels were impacted by HFD. We
performed Luminex and LH ELISA, in order to determine serum hormone levels (Fig.
3.8). There was no significant changes in GH, TSH and ACTH hormone levels between
HFD and CTRL. On the other hand, prolactin levels were decreased with HFD. Decrease
in the level of prolactin may correspond to fewer lactotropes, since prolactin mRNA
expression did not significantly change. Consistent with previous reports from our and
other studies (9, 52, 53), we determined decreased LH and FSH levels in serum of HFD
animals compared to CTRL (Fig. 3.8). Decrease in LH corresponds to decreased gene
expression in the gonadotrope. Taken together, our results demonstrate that HFD causes
changes in population dynamics and gene expression that cause changes in hormone

levels, with impact on physiology.
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Fig 3.8 Obesity leads to changes in hormone levels. Serum hormone levels determined by Luminex and
LH ELISA. Male mice on HFD have reduced levels of prolactin, luteinizing hormone (LH) and follicle
stimulating hormone (FSH). No changes were observed in growth hormone, thyroid stimulating hormone
(TSH) and adrenocorticotropic hormone (ACTH). Statistical differences between control (CTRL) and high
fat diet (HFD) were determined by Student’s T-test, followed by Tukey’s HSD test (* p < 0.05).
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3.5 Discussion

Single cell RNA sequencing (scRNA-seq) (17, 21, 22, 54) and single nuclei RNA
sequencing (snRNA-seq) (23, 24) of pituitary cell was performed before to identify
enriched genes in specific populations of pituitary cells. We performed scRNA-seq using
10X Genomics platform on dispersed pituitary cells from control-fed (CTRL) and high
fat diet-fed (HFD) mice to determine changes in pituitary populations in obesity, since

pituitary is a master gland that regulates homeostasis.

Our study identified many of the same markers previously associated with specific
pituitary populations. Somatotropes in addition to Gh, show enrichment in other genes
reported before (17, 21, 23, 54). For example, Pappalysin 2 (Pappa?2), a
metalloproteinase that regulates insulin-like growth factor (IGF) bioavailability, was
enriched specifically in the somatotrope population and has been identified previously as
a novel marker in somatotropes in mice and in rats (17, 21). Pappa?2 deficiency leads to
shorter bone growth, impaired glucose tolerance, higher fat mass, and lower lean mass
(55, 56). Pappa? mRNA was significantly decreased in HFD, and since Pappa?2
regulated bioactive IGF1 levels, it is possible that lower local IGF1 bioactivity
diminishes negative feedback on somatotropes. Radl8, an E3 ubiquitin-protein ligase was
highly enriched in somatotropes in our dataset, similarly to what has been previously
reported (17, 21). We determined that this gene is significantly decreased in HFD, but
how does this decrease affect its function in post-replication repair of damaged DNA, is
not clear. Other somatotrope-enriched genes are Dik!, involved in preadipocyte

differentiation (57) and DaplI that plays a role in amino-acid starvation and exhibits male
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biased expression (54). As illustrated above, many of somatotrope enriched genes have
roles in the metabolic tissues as well, and thus is may not be surprising that somatotrope
population exhibits largest changes in obesity. Fraction of somatotropes increases after
exposure to HFD, and although some of these genes do not change expression with
obesity, increased number of cells may lead to increased levels. Sub-cluster analyses
confirms this observation. Sub-cluster 0, terminally differentiated somatotropes with the
highest expression of G/, and sub-cluster 5, oxidative-stress, metabolically active
somatotropes, increase proportion in obesity, while sub-clusters 1 characterized by
immediate-early gene expression and heat-shock proteins, and sub-cluster 2, that has the
highest expression of Radl8 and Pappa?2, decrease. Consistent with lack of changes in
growth hormone serum levels, Gh mRNA levels do not change overall, since G/ is most
highly expressed in subcluster 0, that enlarges in obesity, and in subcluster 2, that

diminishes in obesity.

Prolactin is most highly expressed in sub-clusters 0 and 4, which do not change
substantially in obesity. Prl mRNA expression decreases by 15%, but likely due to
reduced numbers of lactotropes overall, prolactin serum levels are significantly lower in
obese mice. The largest cell proportion changes in lactotrope subpopulation occur in
sub-cluster 1, characterized by ribosomal mRNAs that is diminished in obesity, and in
sub-cluster 2, characterized by lysosomal mRNA that is enlarged in obesity. Decrease in
proportion of sub-cluster 1 combined with the decrease in serum prolactin may also

indicate that prolactin translation is particularly affected in obesity.
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As opposed to somatotrope and lactotropes that show changes in cell numbers,
fraction of gonadotropes in the pituitary does not change with obesity. Interestingly,
gonadotropes demonstrate the largest changes in gene expression, with vast majority of
genes repressed by obesity. These include Lhb and Gnrhr, and transcription factors
involved in their expression. We previously reported that during long-term obesity, Gnrh
mRNA is diminished in the hypothalami of obese mice (9, 36, 58), which may lead to
lower levels of Lhb and lower LH in the circulation, in addition to direct effects of
obesity on the pituitary gland. On the other hand, Fshb expression does not significantly
change with HFD, but FSH levels in the circulation are significantly lower, consistent
with reports in mice and humans (9, 52, 59-62). This may indicate that obesity affects
translation of Fshb mRNA or FSH glycosylation that may lead to lower half-life. Indeed,

GO pathway analysis indicates a decrease in mRNA binding proteins.

Consistent with a lack of changes in ACTH and TSH levels in the circulation,
corticotrope and thyrotrope population exhibit the fewest changes at the cell number or
gene expression levels. Lack of significant changes in TSH levels in our study is in
contrast with a previous study that demonstrated an increase in TSH (63), although
reasons for this discrepancy are not clear. On the contrary, our previous study that
reported a decrease in TRH mRNA levels in the hypothalamus (8) is in agreement with
that study (63). Lack of changes in ACTH serum level in HFD diet animals at the basal
level is in agreement with a previous study (64), which also demonstrated that HFD
augments ACTH increase in response to stress, which we did not analyze. Corticotropes

demonstrate some gene expression changes, up-regulation of stress pathways and
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inhibitors of kinase signaling, and down-regulation of transcriptional activity and
translation. Thyrotropes on the other hand do not show major changes in gene expression.
Melanotropes exhibited significant changes is gene expression and overall cell number

that determine their percentage that decreased in obesity.

In conclusion, we identified that diet-induced obesity leads to changes in pituitary
gland plasticity and gene expression with downstream consequences on pituitary
hormone levels in the circulation. Our scRNA-seq data demonstrates somatotrope and
lactotrope population dynamics induced by HFD that may stem from altered
differentiation of their progenitors based on trajectory analysis. We also identified gene
expression changes in the gonadotrope that lead to changes in gonadotropin hormone
levels. Therefore, we determined that some hormone changes may be due to the

alternations in cell numbers, while others stem from changes in transcriptional activity.
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4.1 Abstract

Obesity incidence is increasing worldwide with the urgent need to identify new
therapeutics. Sex differences in immune cell activation drive obesity-mediated
pathologies where males are more susceptible to obesity co-morbidities and exacerbated
inflammation. Here, we demonstrate that the macrophage-secreted protein RELMa
critically protects females against high fat diet-induced obesity. Compared to male mice,
serum RELMa levels were higher in both control and high fat diet-fed females and
correlated with frequency of adipose macrophages and eosinophils. RELMa-deficient
females gained more weight and had pro-inflammatory macrophage accumulation and
eosinophil loss in the adipose stromal vascular fraction, while RELMa treatment or
eosinophil transfer rescued this phenotype. Single cell RNA-sequencing of the adipose
stromal vascular fraction was performed and identified sex and RELMa-dependent
changes. Genes involved in oxygen sensing and iron homeostasis, including hemoglobin
and IncRNA Gm47283/Gm21887, correlated with increased obesity, while eosinophil
chemotaxis and response to amyloid-beta were protective. Monocyte-to-macrophage
transition was also dysregulated in RELMa-deficient animals. Collectively, these studies
implicate a RELMa-macrophage-eosinophil axis in sex-specific protection against

obesity and uncover new therapeutic targets for obesity.
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4.2 Rationale in elucidating mechanisms of sex-differences in diet-induced obesity

Obesity is an epidemic of significant public concern and contributes to the increased
risk of several diseases, including type 2 diabetes, cardiovascular disease, nonalcoholic
fatty liver disease, and COVID-19. Currently in the US, over 30% of men and women are
classified as obese, with a body mass index (BMI) of >30kg/m? (1). There are profound
sex differences in adipose tissue deposition and obesity-associated diseases (2). Obese
men are more at risk for metabolic syndrome, cardiovascular disease, and myocardial
infarction than obese women (3). Male mice fed high fat diet (HFD) gain more weight
and have an increased risk of insulin resistance than females (4). Despite these sex
differences, most studies have historically focused on obesity mechanisms in males, since
males gain weight more rapidly than females (5). Therefore, there remain many gaps in
knowledge about the underlying mechanisms for obesity and whether these are sex-
dependent, which can impact the development of therapeutics that are equally effective
for both males and females. To address this gap, the focus of recent studies has been
identifying mechanisms that provide protection in females (6, 7). Males and females
accumulate fat into different adipose tissue depots; males deposit more fat into visceral
adipose depots, while females deposit fat preferentially into subcutaneous depots (7, §).
Since visceral adiposity is associated with the metabolic syndrome (9), differential fat

accumulation may explain male propensity for obesity-mediated pathologies.

An underlying immune component for obesity pathogenesis is well recognized, with
obesity being regarded as a chronic inflammatory process. Macrophages are critical

immune effectors in obesity. Increases in adipose tissue size correlate with macrophage
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infiltration into the fat depots and proinflammatory cytokine production in both humans
and mice (/0-12). Obese adipose tissues produce increased levels of leptin (6, /3), and
monocyte chemoattractant protein-1 (MCP-1, or CCL2 chemokine) that binds CCR2 (/4,
15), which may serve as chemoattractant to recruit monocytes. In turn, they can be
activated or differentiate into macrophages, initiating the secretion of cytokines and
chemokines to exacerbate inflammation (/6, /7). Given the role of macrophages in
obesity, sex differences in macrophages are of particular interest and have been
demonstrated before (/8, 19). Visceral fat contains more infiltrating macrophages and
higher expression of inflammatory cytokines than subcutaneous fat (10, 20), and male
visceral adipose tissues accumulate more macrophages than females (6, 27). The
presence of sex steroid hormones, specifically estrogen, was postulated to contribute to
sex differences in obesity (3, 8, 22). (23-26) Alternatively, we and others have
demonstrated intrinsic sex-specific differences in macrophages, independent of sex-
steroid hormones (6, 27, 28). Male macrophages are more migratory and inflammatory,
while protection in females is associated with higher production of anti-inflammatory
cytokines, such as IL-10 (6, 7). Macrophage function and activation in the adipose tissue
are guided by their ontogeny, the cytokine environment, as well as myriad factors such as
hypoxia, metabolites, lipids (29). CD11c¢* M1-like macrophages are activated through
innate TLR2/4 receptors and produce proinflammatory mediators (e.g. TNFa, IL-6,
CCL2) that drive metabolic changes. Adipose tissue macrophages or metabolically
activated macrophages can be distinguished from other proinflammatory macrophages by

several different cell surface markers, although they produce proinflammatory cytokines
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as well (30). On the other hand, a T helper type 2 (Th2) cytokine environment within the
adipose tissue promotes metabolic homeostasis and protective CD206" M2 macrophages
that suppress inflammation. Immune drivers of the Th2 cytokine environment for M2
macrophage activation include IL-4-producing eosinophils and innate lymphoid cell
(ILC)-2 (31, 32). It is now recognized that macrophage activation is far more complex
than the M1/M2 paradigm (29, 33, 34). However, the M1/M2 macrophage paradigm is a
useful framework to begin to address pathways that can be targeted for obesity

pathogenesis, and whether these are influenced by sex.

The focus of this study was to identify sex-specific immune effectors that regulate
obesity pathogenesis, focusing on the M2 macrophage signature gene Resistin-like
molecule o (RELMa). RELMua is a small, secreted cysteine-rich protein that is expressed
by macrophages primarily in response to Th2 cytokines but can also be induced by
hypoxia (35, 36). RELMa has pleiotropic functions ranging from inflammatory or
immunoregulatory to microbicidal roles (37-39). Within the myeloid population, RELMa
is preferentially expressed in monocyte-derived macrophages, and is important for
monocyte differentiation, infiltration into other tissues and survival (40, 41). In the
adipose tissue, RELMa is a defining marker for perivascular macrophages and is co-
expressed with CD206 and Lyvel (29, 34). A beneficial function for RELMa in
metabolic disorders has been proposed; CD301b" phagocytes promoted glucose
metabolism and net energy balance through secretion of RELMa, and RELMa-
overexpression promoted cholesterol homeostasis in hyperlipidemic low density

lipoprotein receptor-deficient mice (42, 43). Based on these previous findings, the goal of
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this study was to investigate how sex and RELMa regulate diet-induced obesity and
inflammation by employing RELMa-deficient mice and utilizing flow cytometry and
single-cell sequencing of visceral adipose stromal vascular fraction to identify sex-

specific and RELMa-dependent targets of obesity.

4.3 Materials and methods
4.3.1 Animals

All experiments were performed with approval from the University of California
(Riverside, CA) Animal Care and Use Committee (A-20210017; and A-20210034), in
compliance with the US Department of Health and Human Services Guide for the Care
and Use of Laboratory Animals. RELMa knockout mice were generated as previously
described (37). RELMa and their WT controls were maintained under a 12-h light, 12-h
dark cycle and received food and water ad libitum. After weaning and a week
acclimatization on normal chow, animals were randomly distributed in groups and placed
on either a high fat diet (HFD, D12492, 60% kcal from fat; 5.21 kcal/g (lard 0.32 g/g diet,
soybean oil 0.03 g/g), 20% kcal from carbohydrate, 20% kcal from protein; Research
Diet, New Brunswick, NJ) or control diet with matching sucrose levels to HFD (Ctr,
D12450J, 10% kcal from fat 3.82 kcal/g (lard 0.02 g/g diet, soybean oil 0.025 g/g), 70%
kcal from carbohydrate, 20% kcal from protein; Research Diet, New Brunswick, NJ) for
6-12 weeks, as indicated for each experiment. For all tissue and cell recovery mice were

sacrificed between 8 and 9am.
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4.3.2 Eosinophil and RELMa treatment

For adoptive transfer, peritoneal exudate cavity cells were recovered from
Heligmosomoides polygyrus-infected mice. Specifically, groups of 3-5 WT female BL/6
mice were infected by oral gavage of 200 H.polygyrus L3, which leads to adults in the
intestine and eosinophilia by day 10 post-infection, and a chronic infection in BL/6J for
at least at least 3 months (76). Infection was confirmed by egg count in feces. To ensure
sufficient eosinophil recovery, 2-3 H.polygyrus-infected female mice were euthanized
between days 14 and 20 post-infection for eosinophil recovery. Peritoneal exudate cavity
eosinophils were column-purified with biotinylated anti-SiglecF (BioLegend), followed
by anti-biotin MicroBeads then magnetic separation with MS columns according to
manufacturer’s instructions (Miltenyi). 1x10° eosinophils were transferred to recipient
mice by 1.p. injection every two weeks. Eosinophil purity was confirmed by flow
cytometry and by Diff-Quik stained-cytospins. For RELMa treatment, recipient RELMa
KO female mice were i.p. injected 2 ug RELMa every 14 days. Ctr mice were injected

with PBS.

4.3.3 Cytokine Quantification

RELMa and IL5 were measured by sandwich ELISA. IFN-y, CXCL1 (KC), TNF-a,
CCL2 (MCP-1), IL-12p70, CCL5 (RANTES), IL-1p3, CXCL10 (IP-10), GM-CSF, IL-10,

IFN-B, IFN-a and IL-6 were detected by the Mouse Anti-Virus Response Panel (13-plex)
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(Cat# 740622 BioLegend, San Diego, CA) and analyzed on the NovoCyte Flow
Cytometer (Agilent, Santa Clara, CA) and LEGENDplexTM software (Biolegend, San

Diego, CA).

4.3.4 Histological analyses and immunohistochemistry

At the conclusion of diet exposure, mice were anesthetized, perfused with 20 ml cold
PBS, fat tissues were recovered and immersed in 4% PFA for 24 hours followed by 30%
sucrose for another 24 hours. Fat tissues were embedded with O.C.T (Sakura Finetek
USA) and sectioned at 10 pm. For immunofluorescent staining, sections were incubated
with APC-anti RELMo (DSS8RELM, eBioscience, Santa Clara, CA), PE/Dazzle™ 594
anti-SiglecF (S17007L BioLegend, San Diego, CA) and Alexa Fluor® 488 anti-mouse
F4/80 (BMS8 eBioscience, Santa Clara, CA) overnight at 4°C, then counterstained with
DAPI (BioLegend, San Diego, CA). For Hemoglobin staining, sections were incubated
with primary antibodies (rabbit anti-hemoglobin alpha (Invitrogen, catalog # MAS5-
32328), F4/80 Monoclonal Antibody (Invitrogen, catalog # MAS5-16624), TER-119
Monoclonal Antibody, APC, (eBioscience, catalog # 17-5921-81) overnight at 4°C.
Sections then washed with PBS-T three times, and then incubated fluorochrome-
conjugated secondary antibodies (chicken anti-Rabbit IgG (H+L) Cross-Adsorbed
Secondary Antibody, TRITC (Invitrogen, catalog # A15998), Goat anti-Rat IgG (H+L)
Cross-Adsorbed Secondary Antibody, Alexa Fluor™ 488(Invitrogen, catalog # A11006)

for 1h at RT. Sections were counterstained with DAPI (BioLegend, San Diego, CA).
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Slides were examined with the Keyence microscope (BZ-X800; lense:BZ-PF10P, Plan

Fluorite 10X, WD 14.5 mm; BZ-PF40LP, Plan Fluorite 40X LD PH, WD 2.2 to 3.3mm).

4.3.5 Hemoglobin ELISA

The ELISA assay for Hemoglobin (Hba) was performed using a commercially
available ELISA kit, Mouse Hemoglobin Elisa Kit (abcam, Catalog # ab254517). Prior to
measurement, total protein samples were diluted 1:1250. The absorbance data of the

ELISA was acquired by a plate reader (BioTek Synergy HT).

4.3.6 Flow Cytometry

Tissues from each mouse were processed separately as part of a 3-4 mouse cohort per
group, with each experiment repeated 2-3 times. In brief, mice were perfused with ice
cold PBS, adipose tissue was collected from gonadal fat pads representing visceral fat
depot, or from inguinal fat pads representing subcutaneous fat depot, rinsed in cold PBS,
weighed, minced with razor blade and digested enzymatically with 3 mg/mL
collagenase/dispase (Roche) at 37 °C for 1 hour. Suspension was passed through 70 pm
cell strainer, cells pelleted, and red blood cells lysed using RBC lysis buffer (Biolegend,
San Diego, CA). Stromal vascular fraction cells were collected and counted, and 2
million cells labeled for flow cytometry analyses. Cells were Fc-blocked with anti-mouse
CD16/CD32 (1:100, Cat# 553141, BD Biosciences, San Jose, CA) followed by surface
marker staining with antibodies to MerTK (2B10C42, Biolegend), CD25 (PC61,

Biolegend), CD301 (LOM-14, Biolegend), CD36 (HM36, Biolegend), MHCII
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(M5/114.15.2, Biolegend), CD45 (QA17A26, Biolegend), CXCR4 (L276F12,
Biolegend), CD11b (M1/70, Biolegend), F4/80 (BMS, Biolegend), CD4 (RM4-5,
Biolegend), CD206 (C068C2, Biolegend), SiglecF (S17007L, Biolegend), CD11c (N418,
eBioscience), CD64 (X54-5/7.1, Biolegend), RELMa (DSS8RELM, eBioscience). Dead
cells were labeled with Zombie Aqua™ Fixable Viability Kit (Cat# 423102 Biolegend,
San Diego, CA). Gating strategy was followed: macrophage
(CD45°CD11b™MerTK*CD64"), eosinophils (CD45"CD11b*SiglecF* MerTK-CD64),
monocyte (CD45"CD11b"MHCIT'CD11¢MerTK-CD64 SiglecF), dendritic cells (CD45*
MHCII*CD11¢"MerTK-CD64 SiglecF) and T cells (CD45" CD4°CD11b-MHCII'CD11¢
MerTK CD64 SiglecF). Cells were analyzed on the NovoCyte Flow Cytometer (Agilent,
Santa Clara, CA) and FlowJo v10 software (Tree Star Inc.; Ashland, OR). tSNE analyses
were performed using FlowJo v10 (Tree Star Inc.; Ashland, OR), following
concatenation of samples (5000 cells per biological replicate) for each group, to generate
plots consistent between groups. This was followed by analysis of the expression of
desired markers in separated groups. The parameters used to run the tSNE analyses were
FITC-MerTK, PerCP-CD25, Alexa Fluor 700-MHCII, Brilliant Violet 605-CD11b,
Brilliant Violet 650-F4/80, Brilliant Violet 711-CD4, PE/Dazzle 594-SiglecF, PE Cy5-
CDl11c and PE Cy7-CD64. Cells were gated according to Supplemental Figure 4.1,
clustering was done according to these gates, and annotation was performed with the

FlowJo software.
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Supplemental Fig 4.1 Flow cytometry gating strategy. Representative flow cytometry plots of adipose

immune cells from the stromal vascular fraction of visceral adipose tissue detailing gating strategy and
subsequent tSNE analysis.
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4.3.7 Stromal vascular fraction (SVF) isolation from adipose tissue

Adipose tissue was dissected, rinsed in ice cold PBS, and minced with a razor blade.
Fat was digested enzymatically with 3 mg/ml collagenase/dispase (Roche) at 3701C for 1
hour. Suspension was passed through a 70 [m strainer and centrifuged to pellet stromal
vascular fraction. Cells were resuspended in PBS/0.04% BSA, counted, viability

determined to be > 90% before proceeding to flow cytometry analysis or scRNA-seq.

4.3.8 Single cell RNA-seq (scRNA-seq)

ScRNA-seq was performed following the Chromium Next GEM Single Cell 3’ v3.1
Dual Index with Feature Barcoding for Cell Multiplexing protocol. Each group consisted
of three biological replicates. SVF single cell suspension from each mouse was labeled
with the 10X Genomics Cell Multiplexing Oligos (CMOs) following manufacturer's
protocol (10x Genomics, Demonstrated Protocol, CG000391). Cell suspensions from
mice in the same group were pooled and processed for the Chromium Next GEM Single
Cell 3’ v3.1 Dual Index (10X Genomics, Demonstrated Protocol, CG000388). For
generation of single-cell gel beads in emulsion (GEM), 50,000 cells were loaded on the
Chromium Chip and barcoded, in order to reach a targeted cell recovery of 30,000 cells
per group. GEM reverse-transcription was achieved in order to generate barcoded cDNA.
GEMs were broken, and cDNA was cleaned up using DynaBeads MyOne Silane Beads
(Thermofisher Scientific) and SPRIselect Reagent kit (Beckman Coulter). Full-length

barcoded cDNA was amplified, cleaned up and fragmented in order to generate Illumina-
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ready sequencing libraries. 3’ single cell gene expression libraries were generated using a
fixed proportion (25%) of the total cDNA per sample. Libraries were amplified by PCR,
after which the library was split into two parts: one part for generating the 3 gene
expression library and the other for the multiplexing library. Libraries were indexed for
multiplexing (Chromium Dual Index Kit TT Set A, PN-1000215, 10x Genomics),
quantified by Qubit 3 fluorometer (Invitrogen) and quality assessed by 2100 BioAnalyzer
(Agilent). Equivalent molar concentrations of libraries were pooled and sequenced using
Novaseq 6000 (Illumina) using 10x Genomics recommended sequencing depth and run
parameters (sequencing depth of 20,000 read pairs per cell, paired end sequencing) at the

UC San Diego (UCSD) Institute for Genomic Medicine (IGM) Center.

4.3.9 Data processing and analysis

Demultiplexed FASTQ files were provided and downloaded by a secure portal on the
UCSD IGM core and were used for downstream processing. Raw scRNA-seq FASTQ
files were aligned to the mouse mm10-2020-A genome with Cell Ranger v6.1.2 with
default settings using STAR aligner in the Cell Ranger multi pipeline. The Cell Ranger
multi pipeline specifically analyzes 3’ Cell Multiplexing data combined with 3* Gene
expression data. The reference genome was downloaded from the 10x Genomics website

and built as per official release notes (https://support.10xgenomics.com/single-cell-gene-

expression/software/release-notes/build#mm10 _2020A). Every group was analyzed using

the Cell Ranger multi pipeline, which allows multiplexing libraries to be processed

together with the paired gene expression (GEX) libraries for each group. Cell
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multiplexing oligo (CMO) deconvolution was performed using the Cell Ranger multi
pipeline. Briefly, a multi config CSV was created containing the library definitions and
experimental design variables (deposited on the Github repository:
https://github.com/rrugg002/Sexual-dimorphism-in-obesity-is-governed-by-RELM-
regulation-of-adipose-macrophages-and-eosinophils). These parameters contain sections
that specify parameters relevant to analysis of the gene expression library including the
10x Genomics-compatible reference genome, a samples section that specifies sample
information and CMO identity for cell multiplexing and a section that highlights the
identity and location of the input FASTQ file for each sample as well as the chemistry of
the assay. After generation of the multi config CSV, Cell Ranger multi was performed
with the output folder containing the main pipeline outputs, such as the generalized
multiplexing outputs and the demultiplexed outputs per sample. Dimensionality reduction
analysis was performed as an automated secondary analysis as part of the Cell Ranger
multi pipeline. Briefly, Cell Ranger performs principal component analysis (PCA) using
gene expression features as PCA features, using a python implementation of the IRLBA
algorithm. This data is then passed into the nonlinear dimensionality reduction method, t-
SNE (t-Stochastic Neighbor Embedding) analysis in order to visualize the data in a 2D
space. Unbiased clustering of the data was then performed in order to group cells together
that have similar expression profiles based on their principal components using a graph-
based method. Cell Ranger produces a table indicating differentially expressed features in
each cluster relative to other clusters, with the top hits being used to identify cell

populations. Sequencing reads for all 12 samples were then integrated using the Cell
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Ranger aggr pipeline, which enables batch effect correction to be performed on the
combined data set. Cell Ranger aggr pipeline generates a normalized integrated count
matrix was generated by dividing the UMI count for each gene by the total number of
UMIs in each cell, followed by log-transformation. To filter out poor quality cells, cells
with threshold UMI count of >20,000 and <500 and mitochondrial fraction of >10% were

filtered from analysis using the Loupe Browser software v 6.2. re-clustering tool.

4.3.10 Gene expression visualization and differential gene expression analysis

The 10x Genomics Loupe Browser software v 6.2 (10x Genomics, Pleasonton, Ca)
was used to project tSNEs of the cell type clusters obtained after integration of all 12
samples (4 groups, WT Female, WT Male, KO Female, KO Male, n=3 per group) using
the Cell Ranger aggr pipeline. Differential gene expression analysis for the myeloid cell,
fibroblast, and ILC2 cell, sub-clustering analysis was calculated using the Loupe
Browser’s integrated locally distinguishing function, which determines the features that
distinguish the selected groups from one another or by distinguishing cells from one
selected cluster vs cells from another selected cluster. The locally distinguishing function
of Loupe Browser utilizes the negative binomial test based on the sSeq method (77), with
Benjamini-Hochberg correction for multiple tests and calculates log-normalized average
expression values across the two samples or cell populations being compared. When
performing pseudo bulk differential gene expression analysis between groups (WT
female vs male, KO female vs male, KO female vs WT female KO male vs WT male),

the globally distinguishing function on Loupe Browser was used to find features between
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checked groups relative to all clusters in the dataset. Differential gene expression file
outputs from Loupe Browser were downloaded and data were presented as volcano plots
and average counts for select genes were plotted as histograms between both groups
(Graphpad Prism). Heatmaps of differential gene expression data were plotted using
Loupe Browser software and are generated using hierarchical clustering with Euclidian

distance and average linkage.

Gene ontology (GO) enrichment analysis of the genes from DEG analysis was
performed using the ShinyGo 0.76.3 platform (South Dakota State University (78)).
ShinyGo 0.76.3 fold enrichment algorithm utilizes a hypergeometric distribution
followed by false discovery rate (FDR) correction. Background gene-sets are all protein-
coding genes in the mouse genome. The top 30 DEGs that were up- and downregulated
for each respective comparison were visualized using a dotplot chart plotting fold
enrichment for each respective enriched GO term for Biological Processes. For each GO
enrichment analysis, false discovery rate (FDR) of <0.05 was applied, with the pathway

minimum set to 10.

4.3.11 Trajectory Analysis

For Trajectory analysis, we utilized the Seurat package (Seurat 4.3.0) (79) and
Monocle3 (v 3 _1.2.9) (80) to process and analyze the scRNA-seq data. The raw data was
initially read into R using the readMM function, with the matrices for features, barcodes,

and counts extracted from the input files. The Seurat object was created by applying the
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CreateSeuratObject function with a minimum of 3 cells per gene and 100 features per
cell, which was then saved as an RDS file for subsequent analysis. Cell barcodes
annotated from the 10x Genomics Loupe Browser were imported as separate CSV files.
These annotations were subsequently integrated into the Seurat object's metadata. We
then subset the data to focus on dendritic cells, macrophages, and monocytes for further
trajectory analysis using Monocle3 (81, 82). The expression matrix, cell metadata, and
gene annotations were extracted from the Seurat object and used to create a new
CellDataSet (CDS) object in Monocle3. The CDS was preprocessed with a
dimensionality reduction set at 100 dimensions, followed by an alignment step to adjust
for batch effects using the Sample.ID variable. Lastly, a trajectory graph was constructed
by applying the learn_graph function, which infers the developmental trajectories of the

cell populations (83).

4.3.12 Statistical analyses

Data are presented as mean + SEM and statistical analysis was performed by
Graphpad Prism 9. Statistical differences between control and RELMa knockout mice (p
< 0.05) were determined using t-test, or 2-way or 3-way ANOVA with Sidak multiple
comparisons test . *, p <0.05; ** p <0.01; *** p<0.001 and **** p <0.0001. 10x
scRNA-seq experiment was performed once (3 mice per group). All other in vivo
experiments were repeated 2-4 times with n=3-5 per group (combined n=6-20), based on

sample size calculation by power analysis (Type I error<0.05 and Power (1-).
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4.4 Results

4.4.1 RELMa protects female mice from high fat diet-induced obesity and inflammation.

Studies investigating sex differences show that female mice are protected, or have
delayed, diet-induced obesity, unless aged or challenged by ovariectomy (7, 44). In
support of the critical role of macrophage polarization in sex-specific differences,
previous studies demonstrated that protection in females is associated with Th2 cytokine-
induced M2 polarization, for example CD206 expression, while males exhibit increased
CDl1c-positive ‘proinflammatory’ M1-like macrophages in the adipose tissue (27). The
secreted protein RELMa is a signature protein expressed by M2 macrophages, with
regulatory functions in downregulating inflammation and promoting tissue healing. A
role for RELMa in promoting metabolic homeostasis has also been reported (42, 43).
Based on these studies, we hypothesized that female-specific protection from high fat diet
(HFD) may be influenced by RELMa. To examine systemic and local factors that may
provide protection to females, serum and visceral adipose tissue homogenate were
obtained from male or female mice on a control-fed (Ctr) or high fat diet-fed (HFD) for
over 12 weeks. Under both Ctr and HFD conditions, female mice had significantly higher
RELMa in the serum than males, and in adipose tissue under Ctr diet. Exposure to HFD

diminished adipose RELMa levels in both sexes (Fig. 4.1A).

To determine the role of RELMa in obesity, we placed RELMa knockout (KO) mice
on Ctr and HFD and compared their response to matched wild-type (WT) controls
(Supplemental Figure 4.2). RELMa deficiency did not affect Ctr or HFD weight gain in

males, however, RELMa deficiency in females led to significantly increased weight gain
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on HFD compared to WT on HFD (Fig 4.1B). Whole-body weight, and visceral and
subcutaneous adipose weights were similarly increased in WT and KO males on HFD
(Fig 4.1C-D). However, RELMa deficiency only affected HFD-fed females, with
significantly increased body weight, and visceral and subcutaneous adipose tissue mass
compared to HFD WT females. Chemokines that change with exposure to HFD were
assessed in the adipose tissue of these mice (Fig 4.1E). The monocyte chemoattractant
CCL2 was significantly elevated in WT and KO HFD-males, while it remained low in
females regardless of diet, as demonstrated before (6). On the other hand, females had
higher levels of the anti-inflammatory IL-10 than males, as demonstrated before (6, 7), as
well as the regulatory T cell growth factor GM-CSF, and the Th2 cytokine IL-5. The
higher level of IL-10 and GM-CSF in females were dependent on RELMa and were
further decreased with exposure to HFD, while IL-5 was not detected with HFD.
Inflammatory cytokines such as TNFa, IL-6 and IL-1p were also measured, but no
RELMa-dependent differences with HFD exposure were observed. A larger animal
cohort size may have provided more powered analysis and identified more adipose
protein differences between groups especially with CCL2, which demonstrated the
greatest variability. Nonetheless, the adipose protein profile indicates sex and RELMa-
dependent effects of diet-induced obesity, which correlates with increased
proinflammatory CCL2, and decreased anti-inflammatory and Th2 cytokines, IL-10, GM-

CSF and IL-5, respectively.

Adipose tissue inflammation was next examined by flow cytometry of the stromal

vascular fraction (SVF) from the visceral adipose tissue (Fig. 4.1F). RELMa deficiency
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and HFD resulted in significantly higher leukocyte frequency in the male SVF,
demonstrating a role of RELMa in males (Fig 4.1G). WT females did not exhibit
increased leukocyte frequency in adipose tissues with HFD, as shown previously (6).
Compared to HFD-fed WT females, RELMaKO females fed HFD had significantly more
SVF leukocytes, specifically macrophages (Fig 4.1H). In contrast, the proportion of
eosinophils was lower in HFD-fed males compared to females with the same diet (Fig
4.11), suggesting a reduction in the protective type 2 immune response. This was
consistent with the reduction in IL-5 in the adipose tissue following HFD (see Fig 4.1E).
The contribution of diet, sex and genotype to body weight and adipose tissue
inflammation was assessed by 3-way ANOVA (n=4-5 per group) (Supplemental Table
4.1). Diet, followed by sex, then genotype, were all significant factors accounting for the
variance in body weight, at both 6 and 12-weeks post diet. While diet was the greatest
factor in adipose tissue inflammation, evaluated as SVF leukocyte frequency, RELMa
deficiency was a greater factor accounting for variance than sex. For SVF macrophage
frequency, diet then sex were the significant factors accounting for variance, while for
eosinophil frequencies, sex differences were the main driving factor. Together, these data
show that female-specific protection from diet-induced obesity is associated with
elevated RELMa expression, and that RELMa deficiency selectively affects females,

leading to increased weight gain, adipose tissue mass and adipose tissue inflammation.
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Supplemental Figure 4.2 Experimental model figure. Model figure overviewing experimental design
and important timepoints for this study.
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Fig 4.1 RELMau protects females from diet-induced obesity. (A) RELMa levels in serum and visceral
adipose tissue from 18-week old male (3 and female (Q) C57BL/6 mice after exposure to control (Ctr) or
high fat diet (HFD) for 12 weeks. (B) WT or RELMa KO mice were weighed for 12-15 weeks of diet
exposure. After 6-week diet and 12-week diet exposure (C), whole body, visceral and subcutaneous fat pad
weights were recorded (D). (E) CCL2, GM-CSF, IL10, and IL5 levels in protein extracts from visceral fat
pad after 12-week diet exposure. (F) Gating strategy for flow cytometric analysis of the visceral adipose
stromal vascular fraction (SVF). (G-]) Proportion in the SVF of CD45" leukocytes (G),
CDA45'CD64 ' Mertk" macrophages (H), and CD45 SiglecF'CD11b" eosinophils (I). Males (blue), females
(red), WT (open symbols), RELMa KO (filled symbols), control diet (Ctr, circles), high fat diet (HFD,
squares); data for (B) is presented as mean +/- S.E.M., data for (H) is representative of one animal, all other
data are presented as individual points for each animal, where lines represent group means +/- S.E.M.
Statistical significance between HFD WT females and HFD RELMa KO females was determined by two
or three-way ANOVA with Sidak’s multiple comparisons tests. (ND, not detected; *, p < 0.05; **, p<0.01;
Ak p<0.001; **** p<0.0001 are indicated for functionally-relevant comparisons). Data are representative
of 3 experiments with 4-6 mice per group.



4.4.2 RELMa deficiency results in dysregulated macrophage activation and impaired

eosinophil homeostasis in the adipose tissue

We performed flow cytometry followed by t-distributed stochastic neighbor

embedding (tSNE) analysis to evaluate immune cell heterogeneity and surface marker
expression in the visceral adipose SVF (Fig. 4.2A). tSNE analysis was performed based
on gating strategies detailed in Supplemental Fig 4.1. Within the groups, eosinophils
demonstrated the greatest changes; Ctr-fed male and female mice had high eosinophil
numbers (see Fig 4.11), and this eosinophil population disappeared in male mice upon
HFD (Fig. 4.2B, red outline). WT female mice retained their eosinophil subset even with
HFD. In contrast, RELMa KO females had decreased eosinophil population following
HFD. Within the eosinophil subset, heterogeneity is observed in females, with Ctr mice
exhibiting a different cell distribution compared to the HFD mice. The macrophage
population also exhibited changes; Ctr-fed female mice, had a smaller macrophage subset
compared to males, regardless of genotype (Fig. 4.2B, green outline). In both sexes, HFD
led to an increase in this macrophage subset, and in their heterogeneity, especially in
RELMa KO mice. Within the CD64"MerTK" macrophage subset, expression of CD1 1c,
a marker for proinflammatory M1-like macrophages, was evaluated. There was an
increase in both number of CD11c¢c+ macrophages and surface expression of CD11c on a
per macrophage cell basis, in response to HFD in both males and females, however males
had higher levels of CD11c¢ than females under both diet conditions (Fig. 4.2C). RELMa.
deficiency exacerbated the increase in CD1 ¢, particularly in the HFD-fed females (Fig.

2D). This may indicate that the increase in CD11c¢ arises due to the abrogation of RELMa.
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levels in the visceral fat after HFD (see Fig. 4.1A). On the other hand, anti-inflammatory
‘M2’ macrophage marker, CD206, decreased with HFD, but was not dependent on the
presence of RELMa (Supplemental Fig 4.3). CD301b, another M2 marker that is
upregulated by IL-4, also decreased with HFD in both males and females (Fig. 4.2E).
Specifically, in HFD females, CD301b was further decreased with a loss of RELMa.
Although the number of eosinophils decreased in HFD-fed males of both genotypes,
eosinophils in all groups maintained high expression of SiglecF, which was further
increased with HFD specifically in RELMa KO females but not WT females (Fig. 4.2F).
SiglecF is a paralogue of human Siglec-8, and in mice is expressed on eosinophils and
alveolar macrophages. The function of SiglecF appears to be context-dependent, with
reported evidence of stimulatory and inhibitory roles on eosinophils (45, 46). One study
showed that SiglecF stimulation induced apoptosis (47). It is possible that the higher
expression of SiglecF on the RELMa-deficient eosinophils from HFD KO female mice
may contribute to their susceptibility to apoptosis, explaining their reduced frequency.
We evaluated if eosinophil surface marker expression changed based on sex, diet, and
genotype (Supplemental Fig. 4.3B-D). CXCR4 and MHCII expression was reduced
following HFD in both WT and KO females but not males, which may account for the
subset heterogeneity (see Fig. 4.2B). Overall, these data identify that sex-specific and
RELMa-dependent protection against diet-induced obesity is associated with changes in

adipose macrophages and eosinophils.
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Fig 4.2 Adipose eosinophil and macrophage populations are influenced by sex, diet and RELMa. (A)
tSNE analysis to identify SVF leukocyte populations. (B) tSNE analyses of SVF from the different groups
(Male &, Female @, WT or RELMa KO) after 12 weeks of diet exposure (Ctr or HFD) revealed changes in
eosinophil RELMa-dependent and diet-induced changes in eosinophil (red outline) and macrophage (green
outline) subsets. (C-D) CD1 1c surface expression in CD45"MerTK"CD64" macrophages was analyzed by
tSNE, where dashed red outline shows CD11c' cells, and quantified. (E) CD301b surface expression on
SVF macrophages was examined by tSNE and quantified by mean fluorescent intensity (MFI). (F) Siglec-
F surface expression on CD45"SiglecF'CD11b" SVF eosinophils was examined by tSNE and quantified by
mean fluorescent intensity (MFI). tSNE data are one representative animal per group. All other data are
presented as individual points for each animal, where lines represent group means +/- S.E.M. Statistical
significance was determined by three-way ANOVA Sidak’s with multiple comparisons test. (ns, no
significant; *, p < 0.05; **, p<0.01; *** p<0.001; **** p<0.0001). Data are representative of 3
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Supplemental Fig 4.3 Flow cytometric analysis of adipose immune cells. (A-D) Flow cytometry
analysis of the visceral adipose stromal vascular fraction of 12-week diet exposed mice for CD206 surface
expression on CD45+CD64+Mertk+ macrophages by tSNE plot and mean fluorescent intensity (MFI) (A)
and surface expression by CD45+SiglecF+CD1 1b+ eosinophils of CXCR4 (B), MHCII (C) and F4/80 (D).
(E-F) Visceral fat leukocytes from naive or H. polyrus-infected mice were quantified (E), and eosinophils
were column purified and analyzed for purity by flow and cytocentrifuge (F). (G) Feature plots of
Log2Fold expression of eosinophil markers (SiglecF, Prg2, Ccr3 and I/5ra) in all clusters of scRNA-seq
data. Statistical significance was determined by unpaired t-test (*, p < 0.05; **, p<0.01). tSNE plot analysis
and flow plots are representative of one animal per group, all other data are presented as individual points
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determined by two-way ANOVA with Sidak’s multiple comparisons test. (ns, no significant; *, p <0.05;
** p<0.01; *** p<0.001) and by unpaired t-test for (E). Data are representative of two experiments with 3-
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4.4.3 Protection against diet-induced obesity in females is mediated by RELMa and

eosinophils

We evaluated whether associations existed between adipose immune cells and obesity
by performing correlation analysis of body weight with adipose macrophage or
eosinophil frequencies (Fig. 4.3A-B). Across mice from all groups, there was a
significant, positive correlation between macrophage frequency and body weight in the
visceral SVF. In contrast, SVF eosinophil frequencies were negatively correlated with
body weight. RELMa expression has been reported by many immune cell subsets,
including macrophages, eosinophils, B cells (35, 48), although expression in the adipose
tissue is less clear. Given that RELMa protein was present in the visceral adipose tissue,
especially of females (see Fig 4.1A), flow cytometry analysis of intracellular RELMa in
the SVF cells was performed in Ctr or HFD-fed female mice. SVF macrophages
expressed RELMa, especially in the CD11c-negative subset, which was reduced with
HFD (Fig 4.3C-D). RELMa" SVF macrophage frequency was negatively correlated with
body weight in females (Fig. 4.3E), supporting the protective role of ‘M2’ macrophages
in obesity. Focused comparisons between HFD vs Ctr-fed female mouse groups showed
that significant, negative correlation between RELMa" macrophages and body weight
occurred only in HFD-fed and not Ctr-fed mice (Fig. 4.3F-G). These data raise the
possibility that diet, rather than obesity per se, may be responsible for these significant
correlations. Immunofluorescent staining of visceral adipose tissue sections was
consistent with the flow cytometry analysis (Fig. 4.3H-I); HFD-fed male mice had

increased F4/80" macrophage crown-like structures (green), while HFD-fed females had
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fewer F4/80" macrophages but had more detectable SiglecF* eosinophils (magenta). In
contrast, eosinophils and RELMa were absent from HFD-fed RELMa KO females,
which had increased F4/80" cells compared to HFD-fed WT females. These data
implicate RELMa-driven eosinophils as the underlying mechanism of female-specific
protection from HFD-induced obesity and adipose tissue inflammation. This hypothesis

was tested next by adoptive eosinophil transfer and recombinant RELMa treatment.
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Fig 4.3 High fat diet-induced obesity is correlated with RELMa levels, eosinophils and macrophages.
(A-B) Pearson correlation analysis of adipose SVF macrophage (A) or eosinophil (B) frequency against
body weight of mice from all groups. (C) Representative flow plots of RELMa intracellular staining
against CD1 ¢ surface staining of SVF Mac from WT and KO ¢ mice. (D) Frequency of RELMa" SVF
Mac in Ctr and HFD WT @ (left) or CD11c* and CD11c Mac (right). (E-G) Pearson correlation analysis of
RELMat cells against body weight of Ctr or HFD WT @ mice. (H) Immunofluorescent staining for F4/80
(green), SiglecF (magenta), RELMa (red) and DAPI (blue) was performed on visceral fat tissue sections
(Bar, 200uM; red arrows indicate F4/80*cells). (I) IF staining was performed for F4/80 (green), SiglecF
(red), and DAPI (blue) for all groups. Flow plots (C) and IF images (H, I) are one representative animal per
group. All other data are presented as individual points for each animal, where lines represent group means
+/- S.E.M. Statistical significance was determined by unpaired t test (D), or Pearson correlation analysis for
other data and p values are provided. Data are representative of 2 experiments with 4-6 mice per group.

170



Following previously published methodologies for eosinophil adoptive transfer to
protect against obesity (37, 32), SiglecF* eosinophils were column-purified from WT
female mice that were chronically infected with helminth Heligmosomoides polygyrus, to
increase eosinophil frequency (Fig. 4.4A). PBS or eosinophils (Eos) were
intraperitoneally transferred into HFD-fed WT or RELMa KO female mice every 14
days, and weight gain monitored for 7 weeks, followed by analysis of the peritoneal and
visceral adipose tissue. As an alternative approach, RELMa KO female mice were treated
with recombinant RELMa with the same timeline. As expected, PBS-treated RELMa KO
females gained significantly more weight than PBS-treated WT mice, however, this was
rescued by either eosinophil adoptive transfer or RELMa treatment, with the KO+Eos
and KO+RELMa having equivalent body weight to WT+PBS and WT+Eos (Fig. 4.4A-
C). Flow cytometry analysis of the peritoneal cavity and visceral fat SVF confirmed
reduced eosinophils in RELMa KO compared to WT mice, which was rescued by
eosinophil transfer or recombinant RELMa treatment (Fig. 4.4D-E). Evaluation of
CDl11c+ M1-like macrophages in the visceral fat confirmed that RELMa KO mice had
more M1-like macrophages compared to WT mice, which were significantly decreased
by either eosinophil transfer or RELMa treatment (Fig. 4.4F). These data identify a
RELMa-eosinophil-macrophage axis underlying female-specific protection from diet-
induced obesity and inflammation; and strongly suggest that macrophage production of
RELMa is necessary to promote adipose eosinophil homeostasis and inhibit M1-like

macrophage activation, which is protective against HFD in females but not males.
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Fig 4.4 RELMa and eosinophils protect against diet-induced obesity. WT or RELMa KO female ()
mice were exposed to HFD for 7 weeks, during which they were intraperitoneally injected every two weeks
with PBS, RELMa (2pg) or SiglecF" eosinophils (1x10°) recovered from helminth-infected WT @ mice
(A). (B) Body weight was recorded every week. Mice were sacrificed at 7 weeks post diet, and body and
visceral fat weight (C) were recorded. (D-F) Flow cytometric analysis and quantification of eosinophils
from the peritoneal exudate cells (PEC) (D), visceral fat SVF (E) and quantification of the % of CD11c*
Macs in the visceral fat SVF (F). Data for (B) is presented as mean +/- S.E.M., flow plots for (D-F) are
representative of one animal per group, all other data are presented as individual points for each animal,
where lines represent group means +/- S.E.M. Statistical significance was determined by one-way ANOVA
with Sidak’s multiple comparisons test. (ns, no significant; *, p < 0.05; **, p<0.01; *** p<0.001; ****,
p<0.0001). Data are representative of 2 experiments with 4-6 mice per group.
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4.4.4 Single cell RNA sequencing of the adipose stromal vascular fraction uncovers sex-

specific and RELMa-specific heterogeneity

To identify cell-specific gene expression changes underlying RELMa-dependent and
sex-dependent adipose effects, the 10x Genomics platform was used for single cell RNA-
sequencing (scRNA-seq) of the visceral adipose SVF from 6-week HFD-fed WT vs.
RELMa KO, and males vs. females. At 6-weeks HFD, WT females were protected from
weight gain, compared to the other groups (see Fig. 4.1B), therefore this timepoint was
chosen to define functionally relevant gene expression and pathway changes associated
with weight gain. SVF single cell suspensions from each mouse per group were labeled
with Cell Multiplexing Oligos (CMOs) to allow for pooling of biological replicates, prior
to performing the single cell 3’ library generation and sequencing (Fig. 4.5A). Principal
component analysis of all differentially expressed genes (DEG) confirmed clustering of
biological replicates by group (Fig. 4.5B). A histogram of all DEG comparisons in all
clusters between sex and genotype determined that WT male vs. WT female had the most
DEG (Supplemental Fig 4.4A). Because WT females are protected from diet-induced
changes, we sought to analyze gene expression changes in all clusters in WT females
compared to WT males, KO females, and KO males (Supplemental Fig 4.4B). A heatmap
of the top 30 genes showed that WT females have increased expression of
serine/threonine kinase and proto-oncogene Pim3, and of anti-apoptotic gene Bag3,
compared to the other three groups (Supplemental Fig 4.4C). A Venn diagram of the top
100 genes in WT females compared to WT males, KO females and KO Males revealed

that WT females uniquely upregulated 75 genes compared to the other three groups. The
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enriched pathways in the top 75 genes that were upregulated in WT females compared to
the three other groups were sex-specific (e.g. ovulation, sex differentiation, gonads,
reproduction) (Supplemental Fig 4.5A-B). Non-sex specific pathways that were enriched
in protected WT females included vasculogenesis and response to lipids, providing
molecular hints to genes that are associated with protection from obesity and
inflammation, e.g. TGFp (Tgfbl, Tgfbr2, Tgfbr3), Th2 cytokine signaling (114, Il4ra,

I113) and matrix remodeling (connexins, metallopeptidases).

The top differentially expressed genes and gene ontology (GO) pathways between
males and females or WT and KO mice for all cells were examined (Fig. 4.5C-F).
Comparison of WT females vs. WT males showed that most highly differentially
expressed genes are as expected Xist (the X inactivation gene in females) and Ddx3y
(unique to males, expressed on the Y chromosome). Other most highly differentially
expressed genes upregulated in females include //4ra, suggesting M2 macrophage
responsiveness, and genes involved in extracellular matrix, such as Spon2, which
promotes macrophage phagocytic activity (Fig. 4.5C). Males had higher levels of the
sulfotransferase Sultlel, and higher expression of inflammatory genes (e.g. Lcn2,
lipocalin 2, and C7, complement 7). GO pathway analyses revealed that WT females
upregulate genes in cellular responses to amyloid-beta. Compared to WT females, WT
males had over-represented genes in terpenoid and isoprenoid biosynthetic pathway,
which are involved in cholesterol synthesis. Comparison between KO males and KO
females revealed shared sex-specific DEG compared to WT mice (Fig. 4.5D);

upregulated Xist, IL4ra, and downregulated Sult/el in KO females). Unique female-
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specific genes that were also enriched were hemoglobin genes and oxygen binding
pathways. These were upregulated in KO female mice compared to KO males. In KO
males, genes involved in extracellular matrix (Collagen 4 genes) and vascularization

(Ccn2) were over-represented.

We then evaluated the RELMa-dependent genes that were associated with the loss of
protection from diet-induced obesity in KO females (Fig. 4.5E). Genes related to the
negative regulation of amyloid proteins were the most enriched pathways in WT females
compared to KO females, following a similar trend to the WT female vs. WT male
comparison. The downregulation of this pathway in WT males and KO females suggest
that sex and RELMa contribute to protection through this shared pathway. On the other
hand, RELMa KO females compared to WT females upregulated hemoglobin genes and
oxygen-binding genes. Of note, these RELMa-driven differences were unique to females
since they were not identified in the comparison between WT vs. KO males. Instead,
RELMao-regulated genes in males mapped to innate inflammatory response pathways
(e.g. increased genes related to MHC Class 2, chemokine/chemokine receptor signaling
in the KO males), while genes in cholesterol synthesis pathway were over-represented in
WT males compared to KO males (Fig. 4.5F). Of interest, long non-coding RNA
Gm47283/ Gm21887, located in the syntenic regions of both sex chromosomes
(annotated as Gm47283 on Y chromosome, and Gm21887 on X chromosome), is the
most upregulated RNA in both male and female RELMa KO mice compared to their WT
counterparts (Fig. 4.5E-F; Log2 fold change of 3.3 in KO males vs Log?2 fold change of

2.4 in KO females).
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Together, these data suggest that female-specific genes regulated by RELMa map to non-
immune but hypoxic and iron stress-related pathways (hemoglobin, oxygen binding, and

ferroptosis).
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Fig 4.5 Single cell RNA-sequencing (scRNA-seq) of adipose stromal vascular fraction reveals genes
associated with protection from diet-induced obesity. WT or RELMa KO male () or female (9) mice
were exposed to HFD for 6 weeks, following which cells from the adipose stromal vascular fraction were
recovered for single cell sequencing. (A) Schematic protocol of scRNA-seq cell multiplexing oligo (CMO)
labeling and library preparation workflow. (B) Principal component analysis (PCA) assay of individual
mice. Volcano plot comparing the top 100 DEGs in all clusters between: WT females and. WT males (C),
KO females and KO males (D), WT females and KO females (E), WT males and KO males (F). The most
significant genes (-log10(p-value) >1, Log2 Fold change >0.5) are indicated. GO terms indicating enriched
pathways for the top 30 upregulated genes are plotted as histograms. Data are from 1 experiment with 3
mice per group.
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Supplemental Fig 4.4 Single cell RNA-sequencing (scRNA-seq) of adipose stromal vascular fraction
reveals differential gene expression between all four groups in all clusters. A) Histogram of
differentially expressed gene (DEG) analysis with Log2 fold change of 0.5 or greater from all clusters
comparing sex and genotype. (B) Venn diagram of the Top 100 genes in all clusters comparing WT female

to KO female, WT male and KO male. (C) Heatmap of top 30 DEGs in WT female compared to all other
groups in all clusters.
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Supplemental Fig 4.5 Differentially expressed genes in fibroblast and ILC2 cell populations from
scRNA-seq analysis. (A) Gene ontology (GO) pathways of the top 75 genes that were upregulated in WT
females vs other three group in all clusters. (B) Pathway network analysis of the top 75 genes upregulated
in WT females vs other three groups. (C) Population-shift in fibroblasts between WT female, WT male,
KO female and KO male. (D-L) Differentially expressed genes in fibroblast population between WT
female vs. WT male, WT female vs KO female, WT male vs KO male as associated GO terms for top
DEG. (M-P) ILC2 cell clusters and DEG between WT females and WT males. Heatmaps indicate DEGs
between WT female, WT male, KO female and KO males.
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4.4.5 Cell-specific gene expression changes in fibroblasts, ILC2 and myeloid subsets
correlate with sex-specific and RELMa-dependent protection against diet-induced

obesity

Cell-specific gene expression changes were evaluated. Based on expression of known
marker genes, twelve clusters were identified, consisting of immune and non-immune
cells, displayed as tSNE plots and histograms (Fig. 4.6A-B). Eosinophils were not
detected in any of the clusters. This was also shown in other SVF scRNA-seq studies,
which concluded that eosinophils do not have sufficiently different transcriptomes from
other leukocytes, or that there was a bias in the software, or technical difficulty such as
low RNA content, or degranulation that leads to RNA degradation, which precluded
eosinophil identification (49). At the same time as our ongoing analysis, the first
publication of eosinophil single cell RNA-seq was published, using a flow cytometry-
based approach rather than 10X, that included RNAse inhibitor in the sorting buffer, and
prior eosinophil enrichment (50). We employed targeted approaches to identify
eosinophil clusters according to eosinophil markers (e.g. Siglecf, Prg2, Ccr3, 1l5r), and
relaxed the scRNA-seq cutoff analysis to include more cells and intronic content, but still
could not detect eosinophils (Supplemental Fig 4.3G). We concluded that eosinophils
may be absent due to the enzyme digestion required for SVF isolation and processing for
single cell sequencing, which could lead to specific eosinophil population loss due to low
RNA content, RNases or cell viability issues. Future experiments would be needed to
optimize eosinophil single cell sequencing, based on the recent publication of eosinophil

single cell sequencing.
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The main population in the SVF, accounting for 50-75% of cells, were non-immune
cells identified as Pdgrfa+ fibroblasts (green). They were significantly more abundant in
WT females compared to the other groups (p<0.01, S2C). We investigated if any sub-
cluster in the fibroblast cell population expressed pre-adipocyte marker genes (Ppara,
Pparg, Foxol, Sirtl, Cebpa and Cebpb) but no cluster-specific expression of these genes
was observed (data not shown). Compared to WT males, SVF fibroblasts from WT
females exhibited over-represented pathways involved in inhibition of cell proliferation
and M2 macrophage responses (e.g. IL-4R, Insulin growth-like factor, IGF-R)
(Supplemental Fig 4.5C-L). On the other hand, WT male fibroblasts upregulated genes
involved in vasculogenesis and extracellular matrix deposition, such as collagen genes
and Ccn2, which contributes to chondrocyte differentiation. Similar trends were observed
between WT and KO females, indicating again that RELMa deficiency results in females
that are more similar to males by adipose tissue gene expression. KO females had
increased levels of fatty acid binding proteins, Fabp4 and connective tissue development,
Ccn3 and Mmp3 (Supplemental Fig 4.5G-I). In males, WT males SVF fibroblasts
increased expression of prostaglandin transporter, Slco2al and stromal chemokine
Cxcl12, while KO males upregulated pathways involved in the inhibition of the
antioxidative functions, resulting in the accumulation of reactive oxygen species and
oxidative stress, such as Txnip. Innate lymphoid cell (ILC)-2 are drivers of Th2 cytokine
responses and are protective in obesity (32, 51, 52). ILC2 were present at small
frequencies in the SVF in all groups (Supplemental Fig 4.5M-P). Gene expression

analysis revealed that ILC2 from WT female mice expressed significantly higher Th2
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cytokines (1113, 115) and Csf2, encoding for GM-CSF, which fits the increased adipose
protein levels of IL-5 and GM-CSF in females (see Fig. 4.1). Functional pathway analysis
revealed that fatty acid metabolism genes were over-represented in WT females
compared to males. When comparing WT and RELMa KO female mice, there was a
reduction in Csf2 in the KO females compared to WT females. These data indicate that
ILC2 in females are functionally distinct from males and may contribute to the protective

Th2 cytokine environment and metabolic homeostasis in the adipose tissue.

Myeloid cells/macrophages were the main immune cell subset that changed in the
SVF in response to sex and RELMa deficiency; macrophage proportions were lowest in
WT females, but expanded in the other groups (Fig 4.6A, orange). Gene ontology
analysis revealed that the IGF pathway, chemokine and cytokine activity pathways were
over-represented in WT female myeloid cells, while innate immune activation (e.g. TLR-
4, RAGE receptor) and extracellular matrix remodeling were higher in WT males
(Supplemental Fig 4.6A). This data matches macrophage polarization signatures where
protective M2 macrophages produce and are responsive to IGF, while M1 macrophages
respond to danger signals (e.g. LPS, RAGE). RELMa-dependent changes were observed
in both females and males (Supplemental Fig 4.6B). Upregulated pathways in WT
myeloid cells all involved innate chemokines and migration. Counterintuitively,
downregulated pathways in WT compared to KO myeloid cells in females were
associated with adipose tissue browning (e.g. brown fat cell differentiation, cold-induced
thermogenesis), which are generally associated with protection from obesity. These data

implicate RELMa in promoting innate immune cell migration and inhibiting adaptive
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thermogenesis. Overall, these sScRNA-seq data identify sex-specific and RELMa-
dependent changes in the adipose tissue that are associated with obesity-induced
inflammation. Drivers of obesity included increased macrophages and innate immune
activation. On the other hand, protection from obesity involved more fibroblasts, Th2

cytokine expression by ILC2, and chemokine expression by myeloid cells.
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Fig 4.6 Sex-specific and RELMa-dependent gene expression changes in the SVF myeloid subsets in
response to high fat diet. (A) tSNE plot showing cell populations from stromal vascular fraction (SVF)
from all four groups of mice fed HFD for 6 weeks, with a histogram plotting cell type distribution per
animal per group in all clusters. (B) Log2 fold change of candidate marker genes for each cell population
across all clusters. (C) tSNE plot of re-clustered myeloid cell populations with a histogram plotting cell

type distribution per animal per group. (D) Log2 fold change of candidate marker genes across myeloid cell
populations. (E) tSNE plot highlighting population changes in Monocyte and Macl clusters between WT
male, WT female, KO male and KO female in myeloid cells. (F) Heatmap of the top DEG that define each
Mac subset. (G) WT female vs. KO female top DEG in Macl cluster. (H) Histograms of the average UMI
count change of select candidate genes between WT female and KO female in Macl cluster. Data in (H) is
presented as individual points for each animal, where lines represent group means +/- S.E.M. Statistical
significance was determined by unpaired t-test (¥, p < 0.05; **, p<0.01). Data are from 1 experiment with 3
mice per group.
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Supplemental Fig 4.6 Gene ontology pathway analysis for the top 30 hits in myeloid cell subsets.

(A) GO pathway analyses comparing the top 30 genes between WT female vs WT male, and KO female vs
KO male in myeloid cell subsets. (B): GO comparing the top 30 genes between WT female vs KO female
and WT male vs KO male in myeloid cell subsets.

185



4.4.6 Monocyte to Macl macrophage transition and functional pathways are dysregulated

in RELMa deficient mice

Based on previous studies, macrophage sub-clusters were defined and enumerated
according to the Jaitin et al. study (34), and subset-specific gene expression was
examined (Fig. 4.6C-D). Comparison of the genes unique to each myeloid subset vs. the
other subsets showed that monocytes were enriched for Lyz/, while Macl were lymphatic
vessel-associated macrophages expressing Lyvel (Fig. 4.6F). These two subsets in
particular, were more abundant in WT males than WT females, and in KO males
compared to KO females, but further increased in both sexes with a lack of RELMa (Fig.
4.6E, black contour, monocytes; red contour, Macl). Determined by scRNA-seq data
from WT mice, RELMa (Retnla) exhibited higher expression in the Mono and Macl
clusters (Fig. 4.6D, F). We evaluated cell-intrinsic effects of RELMa on these subsets.
Gene ontology analysis revealed strong enrichment for genes involved in leukocyte
migration in both the Mono and Mac1 subsets from WT females, specifically eosinophil
chemotaxis (Supplemental Fig 4.7A). Evaluation of the top DEG indicated similar gene
expression by sex rather than genotype (Supplemental Fig 4.7B). Focused chemokine
analyses identified sex and genotype-specific eosinophil-recruitment chemokines. In
particular, the eosinophil-recruiting chemokine Ccl24 was significantly reduced in Mono
and Mac subsets from KO females compared to WT females. We examined the Macl
subset in females, to identify RELMa-regulated genes within this population that

typically expresses RELMa under normal conditions (Fig. 4.6G, H).
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Supplemental Fig 4.7 Monocyte and Macl DEG (A) GO pathway analyses of top 30 DEG in WT female
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Hemoglobin genes were the most highly upregulated genes in KO female Macl cells
compared WT females (5-10 log2fold change). The hypoxia-induced IncRNA
Gm47283/Gm21887 was also upregulated in KO female Macl. The hemoglobin
expression was not due to red blood cell (RBC) contamination for several reasons: first,
mice were perfused and then RBC lysis was performed on the single cell suspension;
second, filtering was performed to remove doublets (see methods); third, single cell
analysis of the myeloid subsets for an RBC-specific gene (Gypa/CD235a) showed no
expression, in contrast to the hemoglobin genes, which were expressed in the KO females
(Fig. 4.7A-B). To further validate that hemoglobin expression in macrophages was not
tied to RBC contamination, IF staining for F4/80, hemoglobin, and RBC-specific marker
Ter119, was performed on perfused adipose tissue sections from HFD-fed mice (Fig.
4.7C). Hemoglobin protein was present (magenta), especially in RELMa KO females
(white arrows), and co-localized with F4/80 (green). In contrast, there was little Ter119
staining, and minimal co-localization with hemoglobin, even at higher magnification
(Fig. 4.7D). Last, analysis of hemoglobin protein concentration in the adipose tissue
lysates of WT and KO females was performed by ELISA and determined significantly
upregulated hemoglobin protein in KO females (Fig. 4.7D). Together, these data indicate
that RELMa deficiency induces hemoglobin genes in adipose tissue macrophages.
Previous studies have shown that macrophages can upregulate hemoglobin genes during
inflammation and hypoxia (53, 54). Macrophage-specific upregulation of hemoglobin

protein might indicate a response to hypoxia or oxidative stress in KO female Macl cells.
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significance was determined by unpaired t-test (*, p < 0.05; **, p<0.01). Data are from 1 experiment with
3-4 mice per group.
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A trajectory analysis was performed to assess the relationships between the myeloid
clusters, and whether they changed based on sex or genotype (Fig. 4.8A). In WT females,
monocytes were the point of origin, leading to the generation of Macl subsets. Mac2 and
Mac3 were related but separate clusters. Dendritic cells (DC) and Mac4 were even more
distinct from monocytes suggesting that they are resident and not monocyte derived.
These trajectories were similar in WT males. However, in KO males and females, the
clusters were no longer distinct, and the Macl cluster was able to become Mac2/3
clusters, suggesting that loss of RELMa leads to dysregulated differentiation of
monocytes to Macl or Mac2/3 subsets. We evaluated Mono to Macl transition in WT
females and observed enriched pathways in IL-4 responsiveness and chemotaxis (Fig.
4.8B). In contrast, Mono to Macl transition in RELMa KO females involved proton
transport and ATP synthesis pathways, suggesting dysregulated differentiation leading to
metabolically active, inflammatory Macl subsets. Together, these data implicate a critical
function for RELMa in myeloid cell function and differentiation in the adipose tissue.
First, we uncover a RELMa cell-intrinsic mechanism whereby RELMa-expressing Mono
and Macl cells mediate leukocyte recruitment, and Mac1 preferentially recruits
eosinophils. Second, RELMa is necessary to drive functional Macl differentiation; in the
absence of RELMa, Macl cells become metabolically active and increase their oxygen
binding capacity by upregulating hemoglobin genes. Given that Mac1 in the normal
setting are defined as the protective, vascular-associated, and anti-inflammatory subset,
the loss of function of this myeloid population may be the underlying mechanism for

increased inflammation in RELMa KO mice.
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Fig 4.8 Trajectory analysis reveals dysfunctional myeloid differentiation in RELMa KO females. (A)
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KO female Mac 1 vs. Monocyte population. Data are from 1 experiment with 3 mice per group.
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4.5 Discussion

The goal of this study was to investigate sex differences in obesity pathogenesis and
elucidate immune mechanisms underlying female-specific protection from adipose
inflammation, cardiovascular disease, and the metabolic syndrome. Herein, we uncover
an eosinophil-macrophage axis in females that is driven by RELMa and protects from
diet-induced obesity and inflammation. A role for RELMa in whole body metabolism has
been investigated (42, 43, 55), but none of these studies delineated sex-specific
differences in chronic obese conditions. Here, by performing side-by-side comparisons
between male and female RELMa KO or WT mice we identify sex-specific and RELMa-
specific immune mechanisms of obesity pathogenesis. While C57BL/6J females are
protected from obesity compared to males, we show that loss of RELMa abrogates this
protection. RELMa deficiency also had significant effects in males, but to a lesser extent
than females. For instance, RELMa KO males had increased proportions of leukocytes
and CD11c¢" macrophages in the stromal vascular fraction (SVF) to the same degree as
exposure to high fat diet (HFD). Compared to WT females, RELMa KO females
exhibited more diet-induced inflammatory changes than their male counterparts did.
Under control and obese conditions, females had higher levels of RELMa than males,

which likely explains why RELMa deficiency affected females more than males.

Several studies demonstrated the protective role of estrogen in obesity-mediated
inflammation and in weight gain, as discussed above. Whether estrogen protection occurs
via estrogen regulation of RELMa levels is a focus of our future studies. Alternatively,

intrinsic sex differences in immune system have been demonstrated as well (6, 28) that
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are dependent on sex chromosome complement and/or Xist expression (56, 57), and
RELMa may be regulated by these as well. Additionally, ageing-mediated increase in
inflammation (including of adipose tissue, recently reviewed in (58)), may also occur via
changes in RELMa levels. Our studies used young but developmentally mature mice (4-6
weeks old when placed on diet, 18 weeks old at sacrifice), and future work on aged mice
would be needed to investigate aging-mediated inflammation. Furthermore, there are sex
differences in fat deposition, metabolic rates and oxidative phosphorylation (reviewed in
(59)), and adipokine expression (6, 21) which regulate cytokine and chemokines levels,
and therefore may regulate levels of RELMa as well. These possibilities will be

addressed in future studies.

A significant strength of this study was the use of single cell sequencing to identify
adipose tissue SVF heterogeneity and detect new targets and pathways to alleviate
obesity. We first examined the top differentially expressed genes in protected WT
females compared to the other groups and identify Pim3 as protective. Pim3 encodes a
kinase that is a negative regulator of insulin secretion (60). Pim3 is functionally
responsive to forskolin, a cAMP activator that is also dietary supplement for weight loss
and heart disease (61, 62). Our data indicate that forskolin’s effectiveness through Pim3
might be sex-dependent. As the most significantly upregulated gene in the protected WT
females, our data also point to cAMP activation as a promising target to alleviate diet-
induced obesity. Gene ontology (GO) pathway analyses revealed that WT females
upregulate genes in cellular responses to amyloid-beta. Amyloid-beta synthesis is

elevated in obesity in humans (63). In adipose tissue, it plays a role in lipolysis and
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secretion of adipokines (64). The increased cellular response to amyloid-beta specifically
in females may explain female resistance to obesity-mediated changes. On the other
hand, obese males had increased expression of Sult/el, a sulfotransferase that leads to the
inactivation of many hormones, including estrogen. Sultlel is associated with increased
BMI in humans (65). Males also had higher expression of inflammatory genes (e.g. Lcn2,
lipocalin 2, and C7, complement 7). WT males also upregulated genes in terpenoid and
isoprenoid biosynthetic pathway, such as Aldhla3, Fdps, and Hmgcs|1 that regulate
cholesterol synthesis, triacylglycerol absorption and fat deposition. Their association with
insulin resistance and metabolic syndrome may explain the male propensity to develop
these diseases (66). Examination of RELMa-dependent genes within the SVF led to
the discovery of IncRNA Gm47283/Gm21887, which is the most significantly induced
RNA by RELMI] deficiency in both males and females. This IncRNA is located in the
syntenic region of sex chromosome; Gm47283 on Y chromosome, while 100% identical
Gm55594 and Gm21887, are located on the X chromosome. Very little is known about
Gm47283, apart from one recent paper indicating it is a biomarker for myocardial
infarction that is induced in hypoxia and involved in prostaglandin 2 synthesis and
ferroptosis (67). It is also called erythroid differentiation regulator 1 (Erdrl), which may
correlate increase in this IncRNA in RELMa KO with hemoglobin gene induction (68).
Our findings indicate that RELMa potently downregulates this IncRNA, and future
research is warranted to investigate whether Gm47283/Gm21887 is a downstream

effector of RELMa.
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Both control and HFD-fed females had a higher proportion of eosinophils in adipose
tissues than males, and furthermore, males lost their eosinophil subset after exposure to
high fat diet. Correlation analyses implicated that higher RELMa levels in females
contributed to the higher proportion of eosinophils in female adipose tissues and female
protection. This protection was lost in RELMa KO HFD-fed females, associated with the
loss of eosinophils. Eosinophil transfer and RELMa treatment experiments confirmed
this mechanistic link whereby RELMa recruits eosinophils with the overall outcome of
reduced weight gain, decreased adipose tissue inflammation, and decreased CD11c¢*
proinflammatory macrophages. These findings support the potential for RELMa
treatment in males to protect from obesity-mediated inflammation by driving eosinophils.
A critical function for eosinophils in establishing a Th2 cytokine environment in the
adipose tissue has been reported (37, 69). Specifically, through use of eosinophil-
deficient mice or transgenic mice that have increased eosinophils, these studies
demonstrate that eosinophils produce IL-4 to promote M2 macrophages, which in turn
mediate adipose tissue beiging and other protective pathways against obesity. In the
context of helminths, studies also identified eosinophils as the underlying mechanism
whereby helminth infection protects from obesity. Our studies uncover further
complexity to eosinophil function by demonstrating that females have significantly
increased adipose eosinophils, and that eosinophilia is critically dependent on RELMa.
Since females do not gain weight compared to males, investigation of female-specific
pathways in murine models of obesity is an understudied area. However, there is an

urgent need to determine what mechanisms are protective in females and whether these
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change with age or menopause. These would allow the identification of new therapeutic
targets and will also distinguish whether treatments may differ in their effectiveness
according to sex. Our findings open a new area of investigation into RELM proteins,
which are produced in humans, and whether they regulate eosinophils to protect from
obesity. Another study investigated whether IL-5-induced eosinophils could protect obese
male mice from metabolic impairments but reported no protective effects (70). They
concluded that physiological levels of eosinophils are not protective, in contrast to the
previous studies that used transgenic mice to delete or artificially expand eosinophils. By
additionally examining female mice and performing adoptive eosinophil transfer, our
findings support a protective function for eosinophils even at physiologic levels, but also
identify eosinophil heterogeneity. tSNE plot flow cytometric analysis of adipose SVF
cells indicated that eosinophils were heterogeneous and different in females compared to
males. These included changes in surface expression of CXCR4 and MHCII with HFD in
females but not in males. In addition, single cell sequencing analyses of the adipose SVF
indicated striking sex-specific or RELMa-specific changes in multiple eosinophil
chemoattractants such as IL-5, produced by ILC2, and myeloid cell-derived eotaxin-2
(CCL24) and CXCL10. Eotaxin-2 was produced by myeloid cells in the SVF female WT
mice but was significantly decreased with the loss of RELMa. Our data implicates
female-specific and RELMa-dependent immune mechanisms in the adipose environment,
whereby ILC2 and myeloid cells recruit eosinophils that function to downregulate

obesity-induced inflammation.
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Mpyeloid cells are critical for adipose tissue homeostasis, and monocyte recruitment
and differentiation to proinflammatory macrophages are associated with obesity.
Strikingly, RELMa deletion led to induction of hemoglobin genes in SVF female KO
mice compared to WT females and KO male mice. This may have significant health
implications. The importance of hemoglobin in erythrocytes is well accepted, but the
presence of hemoglobin in non-erythroid cells is less well known with limited studies.
Hemoglobin gene induction was first detected in RAW264 and isolated peritoneal
macrophages (53). Alternatively, hemoglobin genes can be induced by iron-recycling
macrophages, derived from Ly6¢” monocytes during hemolysis, after
erythrophagocytosis. Hemoglobin synthesis in cells other than erythroid lineage occurs in
hypoxic conditions to increase oxygen binding and compensate for low oxygen
(71). Therefore, it is possible that the lack of RELMa in females leads to hypoxia in
adipose tissues. Alternatively, hemoglobin may be induced in KO females in response to
macrophage activation and nitric oxide (NO) production, since hemoglobin can bind NO
in addition to oxygen (72), which is produced by activated macrophages (73). Induction
of hemoglobin genes may lead to dysregulation in iron handling and anemia, which have
been associated with obesity. While obesity-increased incidence of anemia is not
conclusive, iron deficiency is correlated with obesity (74). Macrophages normally recycle
iron, but lack of RELMa in obese females may have disrupted this ability. Increase in
hemoglobin gene expression may lead to iron sequestration and would explain iron
deficiency that is observed in obesity especially in women. Hemoglobin components

include heme and iron, which can be cytotoxic. Overexpression of hemoglobin genes in
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the RELMa myeloid cells may not only act as a sink to deplete iron, oxygen and heme
with consequences for the SVF environment, but could also constitute cytotoxic stress for
the myeloid cells themselves, in a positive feedback cycle spurring further adipose
dysfunction. To our knowledge, this is the first evidence of a hemoglobin pathway in
myeloid cells during metabolic dysfunction and may point to new therapeutic targets and

biomarkers for adipose tissue inflammation and obesity pathogenesis.

RELMa function in peritoneal macrophages was previously demonstrated to be
sexually dimorphic, where peritoneal macrophage replenishment from the bone marrow
is lower in females, and macrophage differentiation in females, but not males, is RELMa-
dependent (41, 75). Our data further reveal that RELMa expression is sex-dependent and
has critical functions in the adipose tissue through macrophage and eosinophil-driven
mechanisms. We also demonstrate RELMa-specific effects on monocyte to macrophage
transition in the adipose tissue that occur in both males and females. Whether these
effects may be influenced by sex-specific differences in myeloid cell ontogeny from the
bone marrow is unclear and an important avenue for future research. The importance of
monocyte expression of RELMa for survival and differentiation has recently been
reported (40). Trajectory analysis of the myeloid subsets revealed that WT animals of
both sexes followed expected trajectories of monocyte differentiation to either Mac1 or to
Mac2/3 clusters. Mac2/3 clusters express markers of proinflammatory macrophages, such
as Lyb6c, while Macl expresses markers of anti-inflammatory macrophages, such as Mrcl
(CD206). The lack of RELMa in KO animals of both sexes led to dysregulated monocyte

differentiation, where the ‘protective’ Macl cluster could become Mac2/3 cells. This
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trajectory change implies that lack of RELMa disrupts myeloid differentiation leading to
a more proinflammatory profile. Genes enriched in monocyte to Mac1 transition in WT
vs. RELMa KO female mice were examined to determine cell-intrinsic functions for
RELMa. These analyses revealed that RELMa expression is critical for monocyte
differentiation into IL-4 responsive macrophages, but in its absence, monocytes begin to
increase expression of genes associated with high metabolic activity, which could result

in oxidative stress.

In conclusion, these studies demonstrate a previously unrecognized role for RELMa in
modulating metabolic and inflammatory responses during diet-induced obesity that is
sex-dependent. Results from these studies highlight a critical RELMa-eosinophil-
macrophage axis that functions in females to protect from diet-induced obesity and
inflammation. Promoting these pathways could provide novel therapies for obesity

pathology.
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CHAPTER FIVE:

Conclusions and future directions
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The work in this dissertation identified new genetic and environmental targets and
mechanisms in hypothalamic function and pituitary gland homeostasis in obesity. In
addition, this work also demonstrated a role for RELMa in modulating metabolic and
inflammatory responses during diet-induced obesity that is protective for females. In
chapter two, using a mouse model for Fragile X Syndrome (FXS), my work determined
that male Fmr1 KO mice, but not female mice, exhibited increased body weight when
compared to wild-type controls, similarly to humans with FMR1 mutations. This increase
in body weight was due to decreased olfactory-induced food foraging behavior. Fmrl KO
male mice had decreased locomotor activity in their dark cycle, which is their active
circadian phase. Male KO mice had olfactory dysfunction determined by buried food
test, and since olfactory regions communicate with hypothalamic regions that regulate
energy homeostasis and POMC neurons regulate locomotion, we examined POMC
neuron innervation, neuronal number and activity. We determined that POMC neurons in
male KO mice had increased inhibitory innervation, lower neuronal activity based on
cFOS expression, and decreased neuronal number in the rostral arcuate nucleus (ARC),
compared to controls. These results suggest that Fmr1 gene is critical in POMC neuronal
function and regulation of locomotion and suggest an etiology for obesity in FXS
patients. POMC neurons are a heterogenous population. In future studies, addressing
regional heterogeneity in the rostral ARC, where there is a decrease in POMC neuronal
number in male KO mice, could address which sub-population of neurons that are
affected in Fmrl-linked obesity as well as the sub-population that is important in the

regulation of locomotion. In addition, future studies determining if differences between
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KO males and controls in neurotransmitter and neuropeptide receptor composition also
cause POMC neuronal functional heterogeneity. Future studies using chemogenetic
approaches in order to determine if Fmr1 gene in POMC neurons is necessary in the
regulation of locomotor activity and POMC prohormone processing will provide a new

genetic target in POMC neuronal homeostasis.

In chapter three, my work investigated an important environmental factor in obesity
pathogenesis, diet, and how that impacts pituitary gland plasticity and hormone gene
regulation. My work utilized single cell RNA-seq (scRNA-seq) in order to determine if
high fat diet (HFD) induced obesity alters pituitary population plasticity and hormonal
gene expression that would lead to changes in hormone secretion. My work determined
that somatotrope and lactotrope populations, which are important in the production and
secretion of growth hormone and prolactin, respectfully, are drastically changed by HFD.
Sub-cluster analysis revealed dynamic population shifts that were induced by HFD. In
somatotropes, my work determined enrichment of genes associated with cellular
respiration and downregulation in genes important in cholesterol biosynthesis, suggesting
that HFD makes somatotropes more metabolically active. While population shifts were
the most evident in somatotrope and lactotrope populations, the gonadotropes, which are
responsible for the synthesis and secretion of luteinizing hormone (LH) and follicle-
stimulating hormone (FSH), did not have changes in cell number but demonstrated the
largest changes in gene expression, with a vast majority of genes that are repressed in
obesity. Of the genes that were repressed, included Lib and Gnrhr, and transcription

factors that are involved in their expression. Obese males suffer from reduced LH and
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FSH, leading to infertility. Decreases in genes that are important in the regulation of
gonadotropins, as indicated by my scRNA-seq data, as well as decreased hormones in
serum by Luminex, could explain why obese males are infertile. This work suggests that
the pituitary gland is subjected to changes by HFD and is extremely plastic to changes in

diet, leading to changes in gene expression and downstream hormone secretion.

Lastly in chapter four, my studies investigated diet and a gene target, the macrophage-
secreted protein, resistin-like molecule alpha (RELMa), in sex differences in obesity
mediated inflammation. Obese males and females exhibit sex differences in adipose
tissue deposition as well as obesity-mediated pathologies. Obesity is a state of chronic
inflammation, where adipose tissue homeostasis is disrupted by the increase in pro-
inflammatory macrophages to white adipose tissue depots. Obese males are more at risk
for metabolic syndrome, cardiovascular disease and stroke, than obese women. The goal
of this chapter was to determine immune mechanisms underlying female-specific
protection from adipose tissue inflammation in diet-induced obesity. This work
determined a previously unrecognized role for RELMa in modulating metabolic and
inflammatory responses that is sex-dependent in obesity. Loss of RELMa in female mice
on HFD diminished protection from diet-induced obesity, and KO females exhibited
more diet-induced inflammatory changes than their male counterparts. Both control and
HFD-fed females had a higher proportion of eosinophils in adipose tissue than males.
Correlation analysis implicated higher RELMa levels in females contributed to the higher
proportion of eosinophils in female adipose tissue, and the protection that was lost in

HFD KO females was associated with the loss of eosinophils. Using scRNA-seq of the
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stromal vascular fraction (SVF) of visceral adipose tissue, we aimed to uncover adipose
tissue heterogeneity, as well as sex-dependent and RELMa-depdenent changes in diet-
induced obesity. We discovered the IncRNA, Gm47283, which was the most significantly
induced RNA by RELMa deficiency in both males and females. Future work to
investigate whether Gm47283 is a downstream effector of RELMa, could explain a
potential mechanism on how RELMa-eosinophil-macrophage axis regulates adipose

tissue homeostasis in females.

Taken together, the data in this dissertation implicate new genetic and environmental
targets of obesity that mediate hypothalamic function and pituitary plasticity with

potential new mechanisms for endocrine dysfunction in obesity.
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