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General Abstract: 

 

Mammalian adipose tissue can broadly be divided into two types of fat: brown adipose 

tissue (BAT) and white adipose tissue (WAT). While BAT is responsible for non-

shivering thermogenesis via lipid metabolism, WAT stored fatty acids for long term 

energy use. However, BAT is primarily present in children and is all but lost by 

adulthood. Opposingly, WAT has the capacity to expand throughout life and contributes 

to negative health consequences. In BAT, sympathetic innervation drives adaptive 

thermogenesis, though molecular mechanisms contributing to BAT innervation are 

poorly understood. We have found that the administration of CXCL12 to mice causes 

an upregulation in BAT activity through sympathetic neuronal growth. Specifically, 

CXCL12 produced by smooth muscle cells is indirectly responsible for increased BAT 

presence and decreased BAT lipid accumulation, heightening thermogenic defense to 

cold stimuli. Here, CXCL12 is shown to retain CXCR4/CD301+ cells (M2 

macrophages) within BAT, which directly influences sympathetic innervation of BAT, 

allowing for environmental stimulation for lipid-burning non-shivering thermogenesis. 
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While CXCL12 influences BAT activation, the CXCL12/CXCR4 pathway plays a 

different role in WAT. Though body fat distribution is dictated by sex, molecular 

signaling governing adiposity remains elusive. Here, we identify that CXCL12/CXCR4 

signaling is regulating adiposity in a sex-dependent manner. Deletion of CXCR4 in 

females, but not males, leads to a lipodystrophic phenotype and leads to an upregulation 

of estrogen receptor alpha, thus promoting estradiol sensitivity and blocking 

adipogenesis. Removal of estrogen restores WAT expansion in adipose lineage-specific 

CXCR4-deficient mice, highlighting the antiadipogenic role of estrogen in women. 

Overall, these studies suggest that the CXCL12/CXCR4 signaling axis is influencing 

maintenance and expansion of BAT and WAT. Targeting this pathway could pose a 

new therapy to combat metabolic dysregulation. 
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PREFACE 
 

From chemistry to biology and everything in between, a variety of subjects have piqued 

my interest since the beginning of my educational journey, but the core fundamental of my 

education has always been nutrition centered. My fascination for science began with learning that 

the cell was the smallest thing in the body. While classmates simply turned the page from that 

concept, I wanted to know what made up cells. I wanted to know how they worked, especially 

with the digestion and absorption of nutrients. As I began to discover metabolism, I began to 

wonder how scientists discovered these pathways. My curiosity only grew as I gained more 

knowledge, which lead to graduate degrees. The research presented in this dissertation was fueled 

by curiosity and stayed true to my core interest of nutrition. 

This dissertation is comprised of four chapters, each with its own story but all building on each 

other. The first chapter will cover background information relevant to what the reader will be 

exposed to throughout the remainder of the dissertation. The information in the first chapter will 

provide the reader with rationale regarding the direction of the research. The second chapter will 

expose the reader to the first scientific endeavor covering the integral protein CXCR4, it’s ligand 

CXCL12, and innervation in brown adipose tissue. This chapter will introduce the reader to the 

role of sympathetic innervation within the brown adipose tissue as well as the response of these 

nerves in the presence and absence of CXCL12/CXCR4 signaling. The third chapter will cover 

the role of CXCR4 and CXCL12 on white adipose tissue as well as differences of this role due to 

sex steroid influence. The findings of this study suggest that the CXCL12/CXCR4 signaling 

pathway is regulating estrogen receptor transcriptional activity by downregulating estrogen 

activity. These findings and future directions will be discussed in the fourth chapter.  
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CHAPTER 1 

INTRODUCTION AND STATEMENT OF PURPOSE 
 

1.1.1. The Effects of Obesity: 
 

Obesity is defined by an excess amount of body fat and is characterized by chronic low-

grade inflammation. Phenotypically, obesity is generally simple to identify as excess body weight 

is not easily concealable. Once thought of as a sign of wealth and beauty, excess body weight has 

become commonplace as the industrial revolution brought food from the farm to the marketplace. 

In the modern age, one needs not hunt nor gather, but rather shop in grocery stores or from their 

smart phones. As technology advanced, humans became less mobile and increased their 

consumption of sustenance due to availability. This shift in energy balance gave rise to new 

negative ideas about obesity as those faced with low socioeconomical standings consumed 

affordable foods full of calories but limited in nutrients. These calorically rich highly processed 

foods contribute to satiation but not satiety, leading to frequent high-calorie consumption resulting 

in weight gain. Suddenly, obesity was no longer associated with wealth and beauty, but rather 

over-indulgence and cheap inexpensive foods. However, the impacts of obesity reach far beyond 

a mere cosmetic nuisance. It is associated with an increase in risk factors for ailments such as heart 

disease, high blood pressure, type 2 diabetes and insulin resistance, and certain types of cancer. 

While each of these diseases alone limit quality and longevity of life, having obesity as a 

comorbidity greatly increases the risk of death due to inflammation and high levels of insulin. 

Indeed, obesity is a common and serious disease growing in the United States. While factors such 

as genetics, race, and socioeconomical status can contribute, obesity can affect anyone. Over the 

past several decades, obesity rates have grown to unfathomable numbers.  Obesity rates in the US 

was at 42.4% as of 2017, a rise from 30.5% in 2000 according to the CDC. One out of every five 
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children are classified as obese as well. Conjoined to the health implications associated with 

obesity, the financial aspects regarding medical treatment are astounding. In 2008 alone, the US 

spent $147 billion due to obesity-related health care. As inactivity and overconsumption of food 

becomes more prevalent, the rise in weight continues to increase. In order to therapeutically 

combat the obesity epidemic, we have been faced with, it is critical to develop our understanding 

of the body’s physiological responses to overnutrition.  

1.1.2. Adipose Tissue in Obesity: 
 

White adipose tissue (WAT) is a highly dynamic organ capable of expansion and 

contraction dependent on nutrient availability (1). Due to its plasticity and role as the storage center 

of potential energy, WAT plays a myriad of roles in regulation of physiological and metabolic 

responses such as in appetite, thermogenesis, lipid metabolism, sexual reproduction, and glucose 

homeostasis. In a positive energy balance state, WAT stores excess lipids within the fat cells 

known as adipocytes. The role of the adipocyte as a reservoir for triglycerides was a crucial 

evolutionary step for the survival of animals when faced with famines. However, the ability to 

collect and distribute energy-packed lipids has negatively skewed since the industrial revolution 

due to more readily available food supplies and a more sedentary lifestyle. The lack of exercise 

coupled with an increased intake has resulted in a surplus of stored energy, leading to excess body 

fat and, thus, obesity. In the obese state, overaccumulation of lipids within the adipocytes, making 

up the fat pads, is seen as the hallmark of WAT expansion. These swollen adipocytes contribute 

to cellular stress and inflammation which can have systemic impacts resulting in metabolic 

syndrome (2). As these adipocytes grow in volume, the fat pads themselves enlarge, resulting in a 

measurable and observable phenotype. Due to the cellular enlargement, adipocytes begin to 

produce proinflammatory cytokines signaling macrophage infiltration resulting in apoptosis and 
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lipotoxicity. However, other tissues within the body will remove the lipids from circulation in an 

effort prevent hypertriglyceridemia, resulting in ectopic fat distribution, as seen in individuals 

suffering from nonalcoholic fatty liver disease (3). In addition to ectopic fat distribution, fat 

accumulation develops in the viscera surrounding the organs, which contributes to metabolic 

dysfunction and an imbalance in sex steroids (1, 4).  

WAT can be divided into two main regions known as subcutaneous (SAT) and intra-

abdominal visceral (VAT) adipose tissue. While both SAT and VAT share energy storing features, 

they differ in metabolic outcomes. It is widely accepted that expansion of VAT is associated with 

increased metabolic risk while SAT is associated with protective effects on energy balance (5, 6). 

Furthermore, these generalized anatomical locations expand in different ways. While VAT 

expands through a process known as hypertrophy, or the swelling of the adipocyte, SAT expands 

through hyperplasia which is the enlargement through an increase in adipocytes. Hypertrophy of 

WAT results not only in adipokine dysregulation, but also a decrease in vascularization resulting 

in hypoxia (7). The change in vascularity could represent a decrease in nutrient availability, oxygen 

diffusion, adipose progenitor numbers, and metabolite uptake. Interestingly, obesity plays a role 

in anatomical lipid storage preference as fat pad expansion shifts from SAT to VAT with morbidly 

increased weight. This shift in anatomical fat pad expansion not only places more strain on internal 

organs but causes metabolic dysregulation in a variety of ways such as impaired glucose uptake, 

insulin resistance, and inflammation. Indeed, the anatomical placement and type of WAT 

expansion plays a pivotal part in determining metabolic health.  

Once thought of as simply the storage center for energy demands, adipose tissue has 

recently become known as an endocrine organ that regulates metabolism through communication 

with the entire body through adipokine secretion. Adipokines, WAT’s cell signaling proteins, are 
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known to regulate various physiological responses such as insulin sensitivity, appetite, 

cardiovascular homeostasis, reproduction, and inflammation (8-10). The first adipokine 

discovered was leptin in 1994, and it clearly demonstrated the endocrine capabilities of WAT due 

to its ability to decrease food intake and increase energy consumption by communicating with the 

hypothalamus (11). Since the discovery of leptin, many other adipokines with different roles in 

energy regulation have been discovered. Adiponectin, for example, was found to be primarily 

expressed in SAT and increases fatty acid oxidation while reducing glucose synthesis in the liver 

(12). However, not all adipokines have a positive influence on WAT. Resistin has been reported 

to induce pro-inflammatory cytokines such as interleukin 6 (IL-6), MCP-1, and tumor necrosis 

factor-alpha (TNF-) (13, 14). These proinflammatory cytokines emanating from VAT, IL-6 and 

TNF, have been linked to the activation and recruitment of macrophages (15). These deleterious 

macrophages promote adipocyte cell death, insulin resistance, hypertriglyceridemia, and chronic 

low-grade inflammatory responses within SAT and VAT. Visfatin, also produced in VAT, 

additionally plays a role in macrophage infiltration as it promotes macrophage survival through 

decreasing apoptosis and is considered to play a major role in atherosclerosis and hepatic 

inflammation (16, 17). Furthermore, the VAT adipokine retinol-binding protein 4 (RBP4) becomes 

elevated in response to caloric excess, promoting insulin resistance by multiple mechanisms (18). 

While these adipokines typically maintain a homeostatic balance, they become dysregulated in 

response to obesity as cellular expansion, extracellular matrix remodeling, and immune cell 

infiltration cause altered secretion of leptin and adiponectin as well as upregulation of resistin and 

visfatin (19-21). Indeed, location of the fat pad determines which adipokines are expressed and, in 

obesity, contribute to metabolic and systemic risk of developing comorbidities.  



 

20 

 

Figure 1: Adipose Tissue Hierarchy. WAT can be demarcated into two main anatomical locations, 

subcutaneous and visceral. These two locations are further separated into distinct compartments 

termed depots. While subcutaneous fat lies below the dermis of the skin, visceral fat surrounds 

internal organs within the body cavity. The anatomical placement of fat pads also has significant 

metabolic implications. While subcutaneous fat has been shown to be metabolically protective, 

visceral fat contributes to metabolic dysregulation. 

 

1.2.1. Adipose Tissues at a Glance: 
 

When discussing adipose tissue, the first thing that comes to mind is that fat pads are the 

storage center for lipids, and rightfully so. The need for long-term energy storage is not specific to 

any one species. Fat storing tissue can be found in both invertebrates and vertebrates which gives 

the capacity for energy storage in a fasted state (22, 23). This fat storing tissue is called WAT due 

to its coloring and can be found throughout the body. Functionally, WAT is responsible for lipid 

uptake in the fed state and lipid release, or lipolysis, in the fasted state. However, removing the 

stored lipids from the adipocyte in an energy-deprived state relies on several factors such as 

hormone signaling and anatomical placement of the fat pad itself. As previously stated, the main 

two regions of WAT locations are SAT and VAT. While VAT is considered unhealthy, it is the 
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first region to release fatty acids into circulation for energy supplementation (24). It has been 

proposed that VAT has variations in insulin receptor functions and higher adrenoreceptor numbers 

which is mechanistically responsible for the increased lipolysis ability of VAT. These variations 

in VAT receptors could be evolutionarily due to the energy demands of internal organs as well as 

proximity to major veins and arteries for circulation purposes. While both SAT and VAT are 

crucial for energy homeostasis, they are not the only adipose tissue. 

1.2.2. Thermogenic Adipose Tissue:  
 

In the addition to WAT, two additional types of adipose tissue can be found in mammals, 

known as beige (brite) and brown adipose tissue (BAT). Both these tissues contain specialized 

adipocytes that participate in thermoregulation by burning lipids for heat. While BAT and beige 

store energy as WAT, they are much quicker to utilize lipids for heat production when they are 

activated by environmental stimuli. BAT and beige adipose tissue differ from their WAT 

counterparts by color, location, and function. They take on a darker appearance due to an increased 

level of mitochondria present in the cells. The mitochondrial function in BAT and beige adipocytes 

play a unique role with respect to the electron transport chain. As the hydrogen ion concentration 

in the intermembrane space follows the typical mitochondrial gradient role, the hydrogen ions are 

allowed to pass back through the membrane using not only the ATP synthase, but the integral 

uncoupling protein 1 (UCP1). While ATP synthase is responsible for providing cellular energy, 

the passing of hydrogen ions through UCP1 induces non-shivering thermogenesis. With rapid 

breakdown of fatty acids to provide fuel for the excess mitochondria, BAT and beige fat contain 

multiple, small lipid droplets within each cell (multilocular), in contrast to WAT adipocytes with 

a single large lipid droplet (unilocular) and are considered metabolically healthy. However, BAT 



 

22 

and beige adipose tissue are distinct from one another as they develop, reside, and function in 

different anatomical locations. 

1.2.3. Beige Adipose Tissue: 
 

Beige adipose tissue has recently been of interest due to its influence on metabolic health 

through its elevated lipid-burning ability. Beige fat in humans seems to be produced and embedded 

within WAT throughout the lifecycle, though the embryonic origin and cellular hierarchy remains 

unclear (25). Originally identified to emerge transdifferentiationally from pre-existing mature 

adipocytes, beige adipocytes have been suggested to arise from white adipocytes in response to 

stimuli such as 3-adrenergic agonists and cold exposure (26-29). Beige adipocytes have an 

increased number of UCP1-expressing mitochondria and regulate non-shivering thermogenesis, 

though this thermogenic capability is reversible. As cold exposure or 3-adrenergic agonists 

induce beiging of white adipocytes, the removal of stimuli results in a loss of UCP1 expression 

and reversion to the white phenotype of storing lipids for long term energy availability in a 

unicellular lipid droplet (30). However, re-exposure to the cold revamps UCP1 and they again take 

on a thermogenic and metabolically protective role.  

Though most abundant in SAT, beige adipocytes can additionally be found in VAT but at 

much lower numbers (26, 27, 31). For example, a study conducted by Wang and colleagues 

demonstrated that only a minute amount of beige fat was identified in VAT when mice were 

exposed to either 1-3 days in the cold or 7 days of 3-adrenergic agonists administration (19). 

However, exposure to cold has other effects on adipose tissue to optimize heat production. Cold 

exposure stimulates sympathetic nerve branching within WAT while inducing growth of blood 

vessels to aid in oxygenation and heat exchange (32-34). Increased vascularization is due not only 

to cold exposure, but also to enhanced Vegf-a signaling produced by adipose tissue itself. This 
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increased Vegf-a production further enhances the recruitment of beiging adipocytes while reducing 

apoptosis in the tissue (35). These findings help to highlight the importance of anatomical 

placement of WAT as well as the beneficial effects of beige adipocytes. Regardless of adipocyte 

type, adipose depots are discontinuously dispersed throughout the body, resulting in adipose tissue 

heterogeneity.  

1.2.4. Brown Adipose Tissue: 
 

In contrast to beige adipocytes, BAT is derived from distinct progenitors expressing Myf5 

and Pax7 (36, 37). After organogenesis from these progenitors during embryonic development, 

BAT is primarily and most robustly found in newborns within the interscapular and neck region 

to protect against the cold and is all but lost by puberty (25). But how is BAT activated to protect 

against cold exposure? While beige adipocytes are activated due to external stimuli, BAT 

expresses high levels of UCP1 under basal conditions and is therefore constantly burning lipids 

making it highly metabolic. Through use of the -adrenergic receptor, the sympathetic nervous 

system (SNS) functions as the principal stimulator of BAT thermogenesis. The importance of 

innervation within BAT has been demonstrated through surgical severance of unilateral 

postganglionic nerves on a single lobe. In response to cold, the innervated lobe acted as usual with 

an increase in UCP1 concentration, blood flow, and glucose uptake while the denervated lobe had 

a severe reduction in thermogenic potential (38, 39). The loss of innervation is detrimental to BAT 

as it can no longer function to regulate temperature. While it is well known that BAT is the major 

contributor to non-shivering thermogenesis, recent studies have suggested that BAT might also 

play a major role in lipid and carbohydrate metabolism due to its energy-burning potential. 

In rodent studies, BAT was identified to protect against HFD-induced obesity while loss 

of BAT mass and/or UCP1 activity resulted in an increased susceptibility to rapid weight gain (40, 



 

24 

41). When exposed to cold, the increase in BAT activity for thermogenic purposes reduces 

circulating triglyceride-rich lipoproteins in mice by removing the lipids for energy consumption 

while increasing HDL levels, resulting in healthier lipid panels (42). In order to remove lipids from 

these lipid-rich lipoproteins, BAT increases expression of lipoprotein lipase and Vegf-a, resulting 

in degradation of triglycerides and increased lipoprotein permeability (43, 44). It has also been 

suggested that increasing BAT in humans through cold exposure results in a reduced triglyceride 

content and increased metabolism (45). Furthermore, BAT mitochondria utilize pyruvate for 

combustion, thereby potentially regulating carbohydrate metabolism (46). Due to these factors, the 

interest in utilizing BAT to combat obesity has grown immensely in the past several decades. 

1.3.1 Adipogenesis: 
  

Adipose stem cells reside along the vasculature and are capable of both self-renewal and 

differentiation into mature adipocytes when given the proper adipogenic cues. The resulting 

adipocytes have the capability to remove lipids from circulation, thus creating an energy storage 

system for future usage. While WAT organogenesis occurs during embryogenesis throughout early 

postnatal life, adipogenesis takes place throughout the lifecycle. Adipocytes have a limited lifespan 

and their turnover rate is approximately 10% each year (47). Creating new adipocytes, termed 

adipogenesis, requires transcription factor upregulation involving a myriad of genes (48). The first 

step in creating an adipocyte from an adipose progenitor cell (APC) is through insulin’s hormonal 

signaling which increases intracellular levels of cyclic adenosine monophosphate (cAMP). cAMP 

then activates cAMP response element binding protein (CREB) through phosphorylation which 

initiates adipogenic genes CCAAT/enhancer binding protein  (C/EBP) and cAMP response 

element binding modulator (CREM) (49). C/EBP expression peaks by 24 hours and upregulate 

expression of both nuclear hormone receptors peroxisome proliferator activated receptor  
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(PPAR) and C/EBP (50). By the second day of differentiation, C/EBP becomes 

phosphorylated and allows the cell to undergo the final stage of differentiation by accumulating 

lipids (51). However, PPAR and C/EBP continue to play a role in adipocyte function as PPAR 

regulates genes involved in fatty acid uptake while C/EBP plays a role in insulin dependent 

glucose uptake (52). However, there are other factors regulating adipogenesis such as FOXO1/A2 

and Tgf- (53). Regardless of additional factors, adipogenesis relies on PPAR as no other factor 

has been identified that can promote adipogenesis in PPAR’s absence (54). In order to replicate 

physiological adipogenesis in vitro, a differentiation cocktail including insulin, 3-isobutyl-1-

methylxanthine (IBMX), and the glucocorticoid agonist dexamethasone is used to induce 

adipocyte formation from APCs (55). Insulin, used to induce both proliferation and differentiation 

of APCs, mimics insulin-like growth factor-1 which activates mitogen-activated protein kinase 

(MAPK) pathways (56, 57). IBMX is known to inhibit phosphodiesterases which increases 

intracellular cAMP and protein kinase A (PKA), which is required for transcriptional activation of 

peroxisome proliferator activated receptor gamma (PPAR) and adipogenesis (58). 

Dexamethasone stimulates osteogenic and adipogenic differentiation, though higher 

concentrations result in a shift to sole adipogenesis (59, 60). Both IBMX and dexamethasone 

stimulate the upregulation of C/EBP and C/EBP (61). After this adipogenic induction cocktail 

has been administered, in vitro adipocytes can be observed within 7 days.  

1.3.2. Identifying the Adipose Progenitor Cell: 
 

By volume, adipocytes make up about 70-90% of adipose tissue; however, they only 

represent 30-50% of the total cellular content (62). Other cell types such as vascular cells, immune 

cells, fibroblast, and APCs comprise the majority of the tissue. Adipocyte number and volume 

appear to be tightly balanced and may depend upon various dietary stimuli and nutrient availability 
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(excess or deficiency). Adipose tissue expansion via hyperplasia requires an active progenitor pool 

capable of meeting energy storage demands. While certain fields have studied stem/progenitor 

cells extensively, adipose tissue progenitors remain elusive. However, recent research has made a 

strong push to uncover the cellular hierarchy within WAT while new technologies have allowed 

new questions to be answered. Lineage tracing has allowed researchers to identify and label cells 

based on the cell surface marker expression associated with their tissue of interest. In the field of 

adipose tissue, APCs have been identified through their expression of adipogenic markers such as 

CD24, ZFP423, DPP4, PDGFR, PPAR, and adiponectin to name a few. However, each marker 

comes with its own caveat. For example, CD24 positivity is found only within early APCs and 

loses expression during differentiation into adipocytes (63, 64). ZFP423 expression is not 

exclusive to APCs as it is seen in a variety of tissues including neuronal, glial, B-cell, skeletal 

muscle, and olfactory progenitors (65-68). Platelet derived growth factor receptor- (PDGFR) 

cells have been suggested as both pro- and antiadipogenic while also marking cells outside of the 

APC lineage such as muscle, skin, fibroblasts, and other mesenchymal cell lineages (63, 69-71). 

Furthermore, PDGFR has been suggested to have highest expression during development 

compared to adulthood. The question becomes which marker to use. Is one better than another? 

The answer might not be clear as other researchers have shown that APCs arise from multiple 

lineages while being evenly distributed throughout WAT (72). A mosaic of lineages could provide 

an explanation as to why visceral adipocytes have a greater triglyceride storage capacity than 
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subcutaneous adipocytes as well as why SAT expands via hyperplasia.

 

Figure 2: Lineage progression from stem cell to mature adipocyte. Adipocytes begin as ASCs 

before moving to lineage commitment and ultimately mature adipocytes. Throughout the 

progression from ASC to mature adipocyte, cellular markers have been identified correlating with 

each step within the lineage. Moreover, markers for one step are not necessarily expressed from 

ASC to adipocyte. That is, many markers are exclusive to specific points of lineage progression, 

allowing for identification of ASCs, progenitors, or adipocytes. 
 

1.3.3. Identifying the APC Niche: 

 
As previously stated, adipocytes make up the majority of adipose tissue volume, though 

they represent only about half of the cellular content (62). The other half of adipose tissue content 

includes immune cells, fibroblasts, APCs, nerve processes, and vascular cells (73). Adipose tissue 

is also located in close proximity to large blood vessels such as the aorta and mesenteric vessels. 

Not only does the vasculature provide adipose tissue with circulating lipids and nutrients for long-

term energy storage, but it also provides transportation for liberated triglycerides in energy-



 

28 

deprivation states. Indeed, the vasculature plays an important role in energy homeostasis. 

However, obesity is detrimental to the vasculature as it is strongly associated with the development 

of hypertension. Blood pressure is regulated by the renin-angiotensin-aldosterone system (RAAS) 

as angiotensin 1-7 has vasodilatory properties (74). This bioactive compound is secreted by 

adipocytes, primarily from VAT, and has been shown to be overexpressed in obesity, resulting in 

elevated blood pressure (75). CVD risk is not only attributed to hypertension as obese individuals 

also carry a higher risk of developing coronary artery calcification, carotid artery intimal media 

thickening, and left ventricular hypertrophy (76). Furthermore, as adipocytes swell due to 

overnutrition, they become too distant from the vasculature for nutrient exchange, thus causing 

inflammation (77). Though adipose tissue mass expands in obesity, cardiac output nor blood flow 

are increased, resulting in hypoxia (78-80). But how can the body avoid hypoxia and promote 

vascular growth? The answer lies in vascular smooth muscle cells (VSMC). 

 VSMCs are essential for vascular development as they play major roles in proliferation 

and contraction. These specialized cells are not terminally differentiated, therefore retaining 

plasticity and have the ability to make phenotypic changes in response to environmental stimuli 

(81). For example, it has been suggested that obesity regulates these specialized cells as a decrease 

in leptin and increase in adiponectin causes impairment of VSMC migration (82). Interestingly, 

VSMCs and APCs share several similarities. For example, both VSMCs and APCs have been 

identified taking up residence in the tunica adventitia (83, 84). Additionally, they share cell surface 

markers SMA, PDGFR, and PDGFR and express CD24 (85-88). These findings point to a 

vascular residency not only for VSMCs, but also for APCs. 

Every progenitor lives in a specialized microenvironment termed the niche. This niche 

provides the progenitor with nutrients and cues for retention and/or differentiation. APCs are no 
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different as they ultimately form mature adipocytes once they leave their niche. However, the APC 

niche is not yet confirmed due to a lack of interest until recently. To identify any niche, a host of 

genetic tools such as fate mapping and lineage tracing is needed. These tools can be used for a 

variety of investigatory experiments from fluorescence-activated cell sorting (FACs) for isolating 

progenitors to single-cell RNA sequencing for gene expression of progenitor populations.  In order 

to conduct such in vitro experimentation on adipocytes, the stromovascular fraction (SVF) must 

be isolated from the fat pad. The SVF is a heterogeneous mixture of fibroblasts, endothelial cells, 

hematopoietic cells, and neural cells and has been suggested to contain APCs, making it an ideal 

candidate for APC identification (64, 84, 89). Utilizing genetic markers and FACs, CD24+ cells 

within the SVF have been transplanted from healthy mice to lipodystrophic mouse models 

resulting in adipose-like tissues, indicating that the CD24 cellular population contains adipocyte 

progenitor cells (64). It was also noted that APCs expression of CD24 expression dissipated once 

the cell moved into a committed preadipocyte, indicating that APCs reside on and migrate from 

the vasculature. Further suggesting a vascular niche, the vascular smooth muscle and pericyte cell 

marker platelet derived growth factor- (PDGFR) has been associated with APCs. PDGFR 

perivascular precursors expressing PPAR and ZFP423, PPAR’s upstream regulator, reside 

adjacent to blood vessels and are highly adipogenic, which indicates that APCs might live along 

the capillaries (84). Additionally, the excision of PDGFR led to a reduction of adult adipose 

tissues by ~50% (90). This is further supported by lineage tracing studies showing that SMA, a 

marker for vascular smooth muscle cells, is being expressed in these adipocyte progenitors (91, 

92). These findings suggest that APCs reside along the vasculature within the depot.  

Recently, the superficial fascia has been suggested as an APC niche as progenitor markers 

such as CD24 and CD29 have been identified in cells residing in the capillaries in the connective 
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tissue, giving rise to subcutaneous adipose tissue (93). Supporting the idea that the APC niche lies 

within adipocyte-surrounding connective tissue, a study in 2019 identified the reticular 

interstitium, the connective tissue surrounding fat pads, as a potential location of APCs in juvenile 

mice. In this study, DPP4+ cells were used as a progenitor marker while ICAM1+ cells identified 

committed preadipocytes. Location of DPP4+ cells indicated that the progenitors are residing in 

the mesh connective tissue surrounding the fat pads. Once removed from this niche, the DPP4+ 

cells produced adipocytes in vitro as well as through transplant in animal models (94). While these 

DPP4+ cells reside in a collagen-rich matrix similar to vasculature, they express no pericyte 

markers, and are thus excluded from a perivascular lineage. Though these findings suggest a 

connective tissue niche for APCs, it is important to note that it has been long accepted that APCs 

reside in the vasculature (95). However, the identification of this new connective tissue niche could 

be the result of developmental versus adult APCs as these studies were conducted using mice one 

week of age or younger. These findings highlight the need for a better understanding of this 

dynamic tissue. 

1.3.4. The Role of PPAR: 
 

Identified in 1990, peroxisome proliferator activated receptors are ligand-activated 

transcription factors of nuclear hormone receptors and are divided into three types; PPAR, 

PPAR/, and PPAR () While PPAR and / are expressed in various places such as the 

liver, heart, muscle, and bone, PPAR is primarily expressed in adipocytes. In humans, PPAR is 

minimally expressed in tissues such as the kidney, liver, and intestines while having high 

expression in adipose tissues. However, in mice, PPAR has an adipose tissue restricted pattern of 

expression, making it a tool for adding and deleting genes within the adipocyte lineage (97).   
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PPAR was identified to be the driver of adipogenesis in 1995 due to its interaction with 

thiazolidinediones (TZDs) and insulin sensitization (98). PPAR plays a major role in adipose 

cellular differentiation, modulation of metabolism, and inflammation in immune cells. This is 

accomplished through the control of expression on genes associated with lipid uptake into 

adipocytes as well as lipid metabolism (99). Lipid uptake is the final process of adipogenesis and 

is reliant on gene expression of CD36 and lipoprotein lipase. While PPAR regulates these genes 

during differentiation, it also plays a role in mature adipocyte function through regulating fatty 

acid uptake, as previously mentioned (52). Understanding that PPAR would be expressed 

specifically within the adipocyte lineage gave rise to new ideas regarding how to trace 

adipogenesis as reporters could be incorporated exclusively into adipocytes. More recent studies 

identified that PPAR expression begins in utero at embryonic day 10.5 in mice through both 

genetic deletion and doxycycline suppression studies (92). In humans, PPAR expression takes 

place between week 15 and 16 of gestation while precursors of fat pads are found in the fetus at 

week 14, though not recognized as distinct adipose tissue until week 28 (100, 101). Though APCs 

are present, commitment and differentiation into mature adipocytes is not possible without PPAR. 

The requirement of PPAR on adipogenesis was further highlighted as loss-of-function studies 

diminished vascular sprouting in adipose tissue while loss-of-function rescue showed a full 

recovery of the phenotype (90). Developmental fate mapping tools have also been used to identify 

that not only adipocytes, but APCs express PPAR (84). These studies have shown that PPAR is 

both sufficient and necessary for adipogenesis. Due to the role of PPAR on adipogenesis, genetic 

mouse models have been constructed utilizing PPAR in order to investigate fate mapping and 

lineage tracing of APCs.  
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1.3.5. White Adipose Tissue Organogenesis: 
 

 

Figure 3: Development and Progression of Adipose Tissue. APC differentiation, marked by 

expression of PPAR, takes place in two stages. The adult APCs are responsible for maintenance 

and expansion of WAT throughout the lifecycle and begin specification on embryonic day 10.5 

(E10.5), though are not active until sexual maturity. The developmental APC population, 

responsible for constructing the fat pads, begins depot formations on E13.5 and continues through 

postnatal day 10 (P10). By P60, adult APCs completely take over adipogenic functions within 

WAT. 
 

Murine embryogenesis begins with the emergence of the zygote on embryonic day 0 (E0) 

(102, 103). As cells divide the zygote becomes a blastocyst (E3.5) before going through the pre-

gastrula (E5.5), gastrulation (E6.5), and organogenesis (E8.0) stages (104, 105). During 

gastrulation, there is an emergence of three specific germ layers that will provide the foundation 

for all tissues and organs during organogenesis. The emergence of these layers, known as the 

endoderm, mesoderm, and ectoderm, mark the beginning of lineage segregation(106, 107). Each 

of these three germ layers give rise to their own tissues (108). For example, the ectoderm is 

responsible for tissues such as the nervous system and epidermis while the endoderm is responsible 

for certain internal organs such as the stomach and liver. The mesoderm, however, is responsible 

for connective tissue throughout the body including muscle, bone, blood, cartilage, and adipose 

tissue (22). 

Adipose tissue was associated with the mesoderm in the late 1800s due to histological 

identification of a connective tissue lineage. Since this initial observation, research methodologies 
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have advanced and paved the way for stem and progenitor identification (109). Through these 

studies, the mesenchyme, the embryonic connective tissue, was said to contain the stem 

compartment responsible for producing the various connective tissue known as mesenchymal stem 

cells (22). Thought to be multipotent, the idea of the mesenchymal stem cell maintaining the 

entirety of the mesoderm was pushed to the wayside as the mesoderm itself was later identified to 

consist of three compartments, the lateral plate, somite, and intermediate mesoderm, all which 

house numerous progenitors with their own independent trajectories (110). The lateral plate houses 

posterior lateral plate mesoderm (PLPM) progenitors which gives rise to the splanchnic PLPM 

progenitor responsible for mesenteric VAT as well as the somatic PLPM progenitor responsible 

for limb-associated SAT (111).  The somite contains somitic progenitors which gives rise to the 

dorsomedial and central dermomyotomal progenitors resulting in BAT and visceral retroperitoneal 

VAT as well as the ventrolateral dermomyotomal progenitor yielding perigonadal VAT (111-113). 

Through multiple studies, these progenitors have been identified to be responsible for WAT 

organogenesis. Indeed, adipose tissue is initially derived from the mesoderm during 

embryogenesis.  

WAT organogenesis begins as early as E13.5 in mice and the developmental depots are 

completely formed by postnatal day 10. However, studies have shown that developmental adipose 

progenitors are not the same as adult progenitors. Two populations of APCs have been identified 

and serve two different functions: developmental progenitors which are responsible for adipose 

organogenesis, and adult progenitors which maintain and expand the tissue throughout the 

lifecycle (92). While both populations are specified during embryogenesis, they are expressed at 

different timepoints and reside in different locations. Adult progenitor specification along with 

PPAR expression begins at E10.5 while developmental progenitor specification begins around 
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E13.5. By postnatal day 30 the developmental progenitor pool is replaced by the adult 

compartment allowing for tissue maintenance and expansion. However, the accumulation of lipids 

into specific depots is dependent on sex steroids after sexual maturity.  

1.4.1. Sex Steroid Signaling in Metabolism: 

 

Figure 4: Influence of Estrogen on Whole Body Energy Regulation. Estrogen plays a large role in 

metabolic balance due to hormonal signaling to the hypothalamus, vasculature, immune system, 

and adipose tissue. Each tissue type affected by estrogen influences energy regulation in various 

ways but work synergistically to maintain adipose tissue homeostasis. A decreased level of 

estrogen has the potential to disrupt many physiological processes, especially within WAT. 
 

Sex steroids are known to have an influential role on both location and maintenance of 

adipose tissues and their influence can be observed as early as puberty. Sexual maturity gives way 

to the rise of sex steroids, which then appear to control both adipocyte size and number, thus 

regulating total WAT size. Influencing WAT homeostasis, sex steroid action is mediated by 

nuclear hormone receptors such as estrogen receptor  (Esr1) and  (Esr2) which are ultimately 

responsible for the cellular proliferation and differentiation of specific fat pads. Sex steroid 

influence on WAT can be anatomically and macroscopically observed as males develop more 
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visceral fat at the waistline, promoting metabolic and cardiovascular disease, while females tend 

to develop subcutaneous fat around the hips and thighs, favoring metabolic protection. It is not 

entirely understood why women accumulate more adiposity than males but may be due to 

reproduction status and lactation. Furthermore, the placement of subcutaneous adipose tissue in 

females is thought to be due to 17- estradiol (E2), as studies have demonstrated that estrogens 

decrease lipolysis in SAT while promoting lipolysis in VAT (114, 115). These findings could 

explain how E2 maintains the typical female fat distribution.  

1.4.2. Estrogen’s Influence on WAT: 
 

As previously mentioned, SAT is healthier due to a reduced risk of diseases such as 

cardiovascular disease and insulin resistance. As females tend to reap the benefits of SAT, the shift 

to menopause causes a rapid increase in visceral adiposity (116). Menopause causes a decrease of 

serum E2 levels by 85-90% due to stunted production in the ovaries (117), though E2 replacement 

therapies are often utilized to reduce side effects and are less likely to develop intra-abdominal 

adiposity (118). Ovariectomies highlight the role of E2 on controlling adiposity through an 

increase in adiposity while E2 replacement therapies decrease fat mass. In addition, the deficiency 

in the aromatase enzyme, responsible for converting androgens to E2, show the same pattern of 

obesity (119, 120).  Interestingly, Esr1 knockout mice are obese, regardless of sex (121). In 

addition, examination of fat distribution in women suffering from polycystic ovarian syndrome, 

resulting in overproduction of ovarian androgens, showed an expansion of VAT combined with a 

decrease in SAT (122). These changes are suggested to be the result of increased plasma androgen 

levels which act to block lipolysis and promote adipogenesis in VAT (123-125) E2 has also been 

suggested to influence APC proliferation, adipose lineage fate, and beige fat formation while Esr1 

has been shown to promote thermogenic adipocytes within WAT (126, 127). Furthermore, 
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embryonic deletion of Esr1 within adipose tissue of both male and female mice showed 

inflammation and fibrotic markers were increased by sexual maturity (6 weeks of age) while body 

weight remained constant in both controls and mutants. Interestingly, adipocyte size was increased 

in Esr1-deleted mice from both sexes when compared to controls, though body weights were 

matched indicating estrogen aids in regulating hypertrophy (128). While Esr1 deletion showed the 

metabolically unhealthy hypertrophic phenotype, Esr2 compensated by playing a protective role 

against inflammation and fibrosis in females, possibly through enhanced E2 signaling. These 

findings highlight the importance of sex steroid influence on WAT homeostasis. However, sex 

steroids influence metabolism through other avenues as well.  

E2 has been shown to play a role in energy metabolism through communication with the 

brain, both directly and indirectly. Indirect approaches for communication revolve around 

adipokines as E2 has been shown to work synergistically with adipokines to regulate metabolic 

responses. For example, E2 has been shown to cooperate with leptin, an adipokine that regulates 

food intake within the hypothalamus (129). E2 has been suggested to sensitize leptin signaling in 

the hypothalamus. Withdrawal of E2 through ovariectomies causes leptin resistance though E2 

replacement therapy reverses this phenotype (130). Direct influence can be seen as Esr1 is highly 

expressed in the hypothalamus, and genetic loss of function models result in obese mice exhibiting 

hypometabolism (121, 131). Furthermore, E2 reduces both endoplasmic reticulum stress within 

the ventromedial nucleus leading to increased insulin and leptin sensitivity as well as decreases 

ceramide content within the mediobasal hypothalamus. This results in ameliorated lipotoxicity, 

ultimately yielding metabolic improvement, weight loss, and increased BAT thermogenesis (132). 

While it has been established that E2 plays a major role in energy metabolism through WAT and 
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BAT, regulation of Esr1 activity within APCs remains unclear. Understanding these pathways 

would allow for a greater understanding of Esr1 influence on AT biology. 

Esr1 has also been suggested to influence vascularization. Esr1 activation appears to 

regulate vascular endothelial growth factor-A (Vegf-a), a major controller of angiogenesis 

expression (133). Adipose tissue overexpression of Vegf-a stimulates hypervascularity, reduces 

adiposity, and improves insulin sensitivity. Additionally, Vegf-a stimulates the appearance of 

thermogenic beige fat cells in SAT. Interestingly, blocking Esr1 activity showed a decrease in 

Vegf-a gene expression, resulting in adipocyte hypertrophy, inflammation, and insulin resistance 

(134). SAT also appears to express more angiotensinogen, regulating blood flow and pressure. E2 

signaling has been shown to regulate angiotensinogen in the liver, and it would be of interest if a 

similar mechanism existed in WAT (38). Thus, it could be speculated that the loss of estrogen 

increases the risk for metabolically dysfunctional WAT and type 2 diabetes due to changes in 

angiogenic potential.   
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Figure 5: Sex Steroid Influence on Adipocyte Expansion. Adipose tissue can expand through either 

hypertrophy, the swelling of individual adipocytes, or hyperplasia, the increase of adipocyte 

numbers. Estrogen levels play a role in determining the type of expansion and location which shifts 

as estrogen decreases due to pharmacological drugs, medical procedures, and/or age. While 

normal estrogen levels result in hyperplastic subcutaneous adipose tissue growth, reduced 

estrogen leads to metabolically unhealthy hypertrophic visceral adipose tissue expansion. 
 

1.4.3. Testosterone’s Influence on WAT: 
 

The amount of visceral fat accumulation in men is twice as high as it is in women, though 

women suffering from polycystic ovarian syndrome and menopause tend to narrow the margins 

(135). This is believed to be a result of plasma androgen levels, specifically testosterone (136, 137) 

which results in lipolysis inhibition and lipogenesis stimulation in the visceral compartments (138). 

As testosterone increases (or E2 decreases) in females, visceral adiposity increases. However, 

males show a different reaction to testosterone. Low plasma concentrations of testosterone in 

males increases visceral adiposity, though this can be combatted through testosterone treatment 
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therapy (139, 140). This indicates that regardless of sex, a decrease in the primary sex steroid 

results in an increase in visceral adiposity. In vitro studies using human adipose stem cells showed 

addition of testosterone during cell differentiation reduced PPAR and C/EBP expression, 

indicating androgen inhibition of preadipocyte differentiation (141). Supporting the notion that 

testosterone decreases VAT, a marker for androgen metabolism in males, 3-diol-G, has a positive 

association with visceral adiposity accumulation and increases with weight gain (142, 143). As 

males gain weight, testosterone levels decrease due to the increase of 3-diol-G, which results in 

an even greater increase of VAT. However, it remains unclear how sex steroids affect APCs in 

order to generate WAT depots.  
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1.5.1. G Protein-Coupled Receptors: 

 

Figure 6: Model of Signaling Pathways for GPCRs. GPCR activation through ligand binding 

results in GDP exchange for GTP leading to G and G/ subunit dissociation. Though the G/ 

subunit consistently follows the same pathway, G subunits have multiple mechanisms dependent 

on which G is present. Regardless of G subunit present, the common outcome from GPCR 

signaling is migration whether undirected or through directed through chemoattractants. 
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G protein-coupled receptors (GPCRs) are identified as seven-pass-transmembrane 

receptors and have been under investigation in the medical field as they make up more than 30% 

of current drug targets. GPCRs are classically known for their involvement of exchanging GDP 

for GTP once activated by phosphorylation, which is activated with their respective ligand thus 

causing a conformational change in helices 3 and 6 (144). The ligands differ depending on which 

GPCR is being targeted and include neurotransmitters, peptide hormones, lipids, environmental 

stimuli, and chemokines (145). Anchored intracellularly to the GPCR, heterotrimeric G proteins 

play a major role in cell signaling and are ultimately responsible for the GPCR’s ability to influence 

transcription. The heterotrimeric G protein unit will remain intact and anchored to the GPCR until 

ligand activation of the GPCR takes place. Once activated by the ligand, the GCPR will release 

the heterotrimeric G protein which stimulates a series of signaling pathways set in motion 

beginning with the dissociation of the G protein  (G) subunit and  dimer causing various 

events to happen with the cell. However, most signaling specificity within the cell is caused by the 

G subunits, not the  dimer. Several G subunits have been identified including Gs (s for 

stimulation, expressed in most cells), GI (I for inhibition, largest and most diverse), Gq 

(ubiquitously expressed), and G12/13 (expressed in most cells) (146). Each G subunit relays 

signaling from the GPCR through different routes with different cellular responses, as seen in 

Figure 6. Subunit Gs causes a signaling cascade resulting in proliferation, migration, and 

metabolism regulation through adenyl cyclase stimulation (147, 148). Subunit Gi, once activated, 

follows a different pathway as it increases migration and metabolism downregulation by inhibiting 

adenyl cyclase activity. Instead, subunit Gi activates proliferation, chemotaxis, and survival of 

the cell. Subunit Gq stimulates yet another pathway but yields results similar to both Gs and GI 

(147, 148). Once activated, Gq is ultimately responsible for cellular migration, survival, 
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proliferation, and chemotaxis through phospholipase C (PLC) activation (148, 149). Though not 

yet well established, G12/13 is reported to influence both cellular movement and cytoskeletal 

formation and is associated with Rho proteins (147, 148). Furthermore, the dissociation of the G 

protein from the GPCR yields the  complex which plays roles in proliferation, chemotaxis, 

survival, and cytokine production (150-152). Many of the roles of the G-proteins overlap which is 

thought to be due to their ability to affect the same signaling pathways such as adenylyl cyclase 

and MAPK. Once the G and  complexes have dislodged, the GPCR is then either degraded or 

recycled through endocytosis using -arrestin and is no longer available for use (153). 

1.5.2. C-X-C Chemokine Receptor 4: 
 

First identified as the orphan receptor leukocyte-derived seven transmembrane receptor, 

C-X-C chemokine receptor type 4 (CXCR4) (fusin or cluster of differentiation 184) belongs to a 

family of integral proteins that bind with cytokines (154, 155). This family, known as C-X-C 

chemokine receptors belongs to the larger cohort, GPCRs. CXCR4 has been of great interest due 

to its role in hematopoietic stem cell chemotaxis (HSC), HIV-1 entry into T-cells, and various 

types of cancer such as leukemia, breast, lung, prostate, and colorectal cancers (156). Though there 

are 4 classes of G proteins associated with GPCRs, CXCR4 seems mainly coupled to the Gi 

subunit, triggering MAPK and PI3K activation leading to chemotaxis (157-159). Furthermore, the 

 dimer triggers intracellular calcium mobilization resulting in proliferation and enhanced cellular 

chemotaxis (151, 160). It is important to note the difference between cellular migration and 

chemotaxis as migration is undirected while chemotaxis is cellular migration toward a 

chemoattractant; in the case of CXCR4, the chemoattractant is CXCL12. The role of CXCR4 in 

chemotaxis has been identified to be of great importance as CXCL12/CXCR4 signaling is involved 

in the colonization of bone marrow HSCs. Furthermore, a lack of CXCR4 in HSCs results in an 
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expansion of differentiated progenitors and a reduction in HSCs (161, 162). This suggests that the 

production of CXCL12 within the bone marrow is maintaining the HSC pools through CXCR4’s 

chemoattraction in the environment. The removal of CXCL12 causes HSCs to vacate their niche 

and enter the peripheral blood stream. Alternatively, CXCL12 signaling from another location 

causes HSCs to migrate toward the chemoattractant. Due to these factors, many drugs have been 

developed to specifically target CXCR4 for various purposes such as HIV treatment and stem cell 

therapy. However, the drug that has been most widely used and approved by the Food and Drug 

Administration in 2008 is plerixafor, or AMD3100, which is a specific antagonist of CXCR4. 

AMD3100 was initially used to inhibit HIV virus entry into T-cells but was abandoned due to the 

lack of effect on M-tropic CCR5 HIV strains and the absence of oral bioavailability (163). 

AMD3100 and its effectiveness would find use with hematopoietic stem cell mobilization though 

as researchers identified that single-dose administration increased blood circulation of CD34+ 

hematopoietic progenitor cells which could be used in both lymphoma and multiple myeloma (164, 

165). The effects of AMD3100 on cellular chemotaxis appear to be cell-type specific though as 

administration in rats with spinal cord injury showed a decrease in both migration and proliferation 

in neural stem cells after injury and treatment with AMD3100 (166).  

1.5.3. C-X-C Chemokine Ligand 12: 
 

C-X-C chemokine ligand 12 (CXCL12, also known as stromal cell-derived factor-1 [SDF-

1]) was initially identified as pre-B-cell growth-stimulating factor in 1994 and was shown to 

stimulate the proliferation of bone marrow-derived B-cell progenitors (167). Identified in 1996 as 

the sole ligand for CXCR4, CXCL12 has been implicated in reducing the viral load for HIV-1 

infections due to the inhibition of infection in cells expressing CD4 (168, 169). Belonging to the 

cytokine family, CXCL12 has been linked to several cancers such as melanoma and pancreatic 
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cancer (170, 171) due to its chemoattractant nature signaling fibroblasts to infiltrate tissues. 

Expressed in an array of tissues including stem, immune, and endothelial cells, CXCL12’s 

interaction with CXCR4 affects growth and angiogenesis through homing of progenitors to the 

ligand-producing tissue (172). However, these interactions retaining progenitor cells to the lineage, 

known as the CXCL12/CXCR4 signaling axis, can be blunted through the use of AMD3100 (173, 

174). This indicates that AMD3100 assumes the role of CXCL12 and is able to cause chemotaxis 

of CXCR4-expressing cells to the injection site. As previously discussed, hematopoietic stem cell 

chemotaxis is influenced by AMD3100 after intravenous injections, causing these stem cells to 

migrate to the vasculature. Once in circulation, the hematopoietic stem cells could then be 

phlebotomized, isolated from other blood cells, and used for therapy in cancer patients. As these 

findings came to light and the CXCL12/CXCR4 signaling axis was found to be responsible for 

hematopoietic stem cell chemotaxis and proliferation, other fields in human biology began to 

postulate if this axis could have the same impact on different tissue types.  

1.5.4. CXCL12/CXCR4 Signaling in Adipocyte Biology: 
 

CXCR4 has proven essential within the adult bone marrow and maintains the 

hematopoietic stem cell pool (175) and has been studied relentlessly in the hematopoietic lineage. 

However, it is in its infancy with respect to adipose tissue. Due to the recent interest that it might 

have the same effects in APC retention and homing, CXCR4 in adipocyte biology has begun to 

bear fruit.  

The first step in identifying the role of CXCR4 in WAT was to delete it within the adipocyte 

and observe any phenotypic outcomes. Using fatty acid-binding protein 4 (Fabp4) Cre-

recombinase as a driver, CXCR4 was deleted within the adipose tissue of male and female mice 

exposed to either a chow or high-fat diet for 24 weeks. Under a normal chow diet, the deletion of 
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CXCR4 had no impact on body weight nor overall health, though there was an increase in 

neutrophils and lymphocytes found in the peripheral blood. In a HFD setting, the deletion of 

CXCR4 resulted in a significant increase in white adiposity with a hypertrophic phenotype. 

Interestingly, brown adipose tissue in the same genetic mice were cold intolerant as they showed 

no increase from basal UCP1 activity when the mice were exposed to the cold, indicating that that 

environmental stimulus did not upregulate UCP1 expression levels. These findings suggest that 

CXCR4 is critical in both white adipocyte maintenance and brown adipocyte thermogenic 

regulation (176). Complimenting this study, pharmacological inhibition utilizing AMD3100 have 

shown that CXCR4 is responsible for APC chemotaxis. Administration of AMD3100 both in vivo 

and in vitro on the stromal vascular fraction from adipose tissue demonstrated that CXCR4 

mediates the chemotaxis of the adipose progenitor cells located within the white adipose tissue 

(177). Furthermore, injecting wildtype mice with AMD3100 for 8 weeks while mice were on a 

high-fat diet yielded ectopic lipid deposition. Excess nutrients caused the adipocyte progenitors to 

migrate from the fat pad to skeletal muscles, indicating that CXCR4 is important in the retention 

of adipose progenitor cells to the adipose tissue (178). These studies highlight the role of CXCR4 

on APC proliferation and retention as deletion results in stunted hyperplasia with increased 

hypertrophy within adipose tissue. However, CXCR4, as well as any GPCR, require activation to 

begin it’s signaling cascade. Therefore, would the deletion of CXCR4’s ligand CXCL12 yield the 

same results? 

Over the past several years as interest in adipose tissue biology has increased, the 

CXCL12/CXCR4 signaling pathway has gained traction as a possible mechanism for hyperplastic 

tissue expansion. It has been suggested that adipocytes themselves secrete CXCL12 (179), thereby 

retaining CXCR4-expressing APCs to AT and reducing ectopic lipid deposition. However, 



 

46 

CXCL12 produced by adipocytes in the obese state has also been shown to recruit macrophages 

to AT resulting in inflammation as well as contribute to systemic insulin resistance (180), which 

is a hallmark of metabolically unhealthy, hypertrophic AT expansion. Additionally, it has been 

suggested by Shin and colleagues that CXCL12 expression in adipocytes is upregulated in the 

obese state, thus increasing insulin desensitization and degreasing glucose uptake while inhibition 

of CXCL12 causes a total recovery in mice (179). This could suggest that while CXCL12 is 

maintaining the APC pool, the overexpression of CXCL12 in obese populations spills over into 

the vasculature, causing macrophage infiltration. Interestingly, human studies conducted by Wolf 

and colleagues have suggested that CXCL12 expression is downregulated in the obese state and 

with bariatric surgery, CXCL12 climbs as weight drops (181). Though these studies seemingly 

contradict one another, there are differences that could explain the varying levels of CXCL12 in 

the obese state. For example, the research conducted by Shin used mice while Wolf used human 

subjects. Furthermore, Shin used epidydimal WAT for RNA analysis while Wolf used serum. 

However, it could be hypothesized that while highly expressed in AT and recruiting macrophages, 

CXCL12 does not enter blood circulation in the obese state. Regardless, it appears that the 

CXCL12/CXCR4 signaling axis is playing a major role in AT homeostasis and expansion. 
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1.6.1. Sex Steroid Roles on the CXCR4/CXCL12 Signaling Axis: 

 

Figure 7: Model of E2 Influence on the CXCL12/CXCR4 Signaling Pathway. Estrogen receptor 

(ER) activation through the binding of 17 estradiol results in cellular signaling through the 

MAPK pathway. Within endothelial cells, ER is shown to cooperate with the CXCL12/CXCR4 

signaling pathway through phosphoinositide 3-kinase activation and ultimately MAPK activation, 

indicating crosstalk between both receptors to influence nuclear transcription within the cell. 
 

The expression of Esr1 has recently been shown to be driven by both E2 and the 

CXCL12/CXCR4 signaling axis. In white adipocytes, the Gi protein/Src/PI3K pathway both up- 

and downstream of Ras have been shown to intervene in E2 signaling to P42/P44 MAPK, 

indicating a crosstalk between GPCRs and E2 (182). Interestingly, Esr1 in breast cancer also 

activates the CXCL12/CXCR4 pathway which completes an autocrine loop as both systems 

seemingly work synergistically (183). These findings were further explored as in vivo inhibition 

of Esr1 through tamoxifen injections blunted CXCR4 expression suggesting the necessity of E2 
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for proper tissue development (184). As previously mentioned, WAT development and 

homeostasis relies on APCs leaving the vasculature and taking up residence in the fat pads as 

mature adipocytes. With the CXCL12/CXCR4 signaling axis responsible for cellular chemotaxis 

and E2 expression increased in pubescent females, it could be postulated that this autocrine loop 

is responsible for the hyperplastic WAT growth in SAT. Accompanying hyperplasia is 

angiogenesis and. as mentioned prior, E2 has been proposed to regulate Vegf-a. This suggests E2 

is regulating vascular growth in adipose tissue, and thus APCs as they reside on a vascular niche. 

In accordance, inhibition of E2’s receptor, Esr1, shows a decrease of Vegf-a resulting in hypoxia, 

adipocyte hypertrophy, inflammation, and insulin resistance (133). Solidifying the role on WAT 

growth and angiogenesis, Esr1 has been shown to play a regulatory role in APC identity and 

potency as deletion of Esr1 causes these progenitors to enter smooth muscle fates (126). As Esr1 

is the only estrogen receptor expressed in pre-adipocytes, all estrogenic effects on adipogenesis 

are thought to be mediated through this receptor (185). Therefore, a loss of E2 via menopause 

results in a shift from healthier subcutaneous to visceral adiposity while increasing risk factors of 

metabolic dysfunction due to decreased angiogenesis through the decrease of Vegf-a. Furthermore, 

the loss of E2 promotes hypertrophy due to the estrogenic promotion of proliferation of pre-

adipocytes. However, the role of the CXCL12/CXCR4 axis on Esr1 within adipose tissue has yet 

to be explored as the bulk of estrogen research has been focused on various types of cancers. 

Interestingly, testosterone plays a role in the CXCL12/CXCR4 signaling axis similar to 

estrogen. Recent studies have shown that a loss of testosterone results in a decrease in CXCR4 

expression, resulting in lower numbers of migrated and differentiated cells (186, 187). These 

findings could explain why as males increase fat mass it is localized to hypertrophic visceral fat 
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pads. However, as with estrogen, current knowledge is lacking as androgen effects on the 

CXCL12/CXCR4 signaling axis within the adipose lineage has yet to be fully explored. 

 

1.7.1. Genetic Tools for Exploiting APCs: 
 

As previously mentioned, there are a variety of cellular 

markers that can be utilized for tracing the lineage of 

adipocytes, though all come with their own limitations. Due to 

its exclusivity to the adipose lineage, PPAR is a unique tool for 

adding and deleting genes in both APCs and mature adipocytes 

(97). By utilizing a tetracycline transactivation (tTA) control 

element allowing for tracing and deletion capabilities within 

adipocytes, researchers have created a genetic mouse model 

incorporating PPAR to identify when both the developmental and adult APCs undergo 

organogenesis. This system, labeled AdipoTrak, consists of tTA under the control of PPAR. 

AdipoTrak can be further utilized by incorporating a tTA-responsive Cre allele for genetic deletion 

(84), indicating that once PPAR is expressed, tTA is activated and drives the tTA-responsive 

element (TRE) Cre, excising floxed sites within the adipose lineage unless the system is under 

suppression. AdipoTrak has the ability to be suppressed with doxycycline food/water added to the 

diet, allowing for a variety of uses as genes can be excised spatiotemporally. For example, a 

deletion can take place before, during, or after WAT organogenesis takes place. Furthermore, 

labeling of the adipocyte lineage is possible through florescent identification of adipocytes 

expressing PPAR. Green fluorescence protein (GFP) is fused to histone H2B, thereby labeling of 

the adipocyte lineage through the tTA response element (TRE-H2B-GFP) (188). TRE-H2B-GFP 

Figure 8: Schematic of the Genetic Tool, 
AdipoTrak. 
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is incorporated into proliferating cells and will only be expressed in the lineage specified by the 

driver; in the case of AdipoTrak, the driver being PPAR. Additionally, as mature non-mitotic 

adipocytes express PPAR, TRE-H2B-GFP is activated. By adding lox-p sites in genes of interest, 

this system can be used to delete a myriad of genes expressed in the adipocyte lineage while 

marking APCs and adipocytes. While the AdipoTrak model labels both APC and adipocytes, there 

are caveats to be addressed. This system labels the lineage without exclusivity to APC nor 

adipocyte, therefore the deletion of genes within a specific adipose population is not possible. 

Furthermore, lineage tracing capacities are limited due to the lack of ability to identify when and 

where the Cre driver occurred. This specific caveat can be somewhat corrected for through 

doxycycline suppression studies at various timepoints. Unfortunately, doxycycline suppression for 

extended periods has the potential to confound research as exposure at any concentration increases 

glycolytic metabolism while reducing oxygen consumption due to effects on the mitochondria 

(189). While these effects are minimal, they can skew results dependent on the nature of the 

research. To combat these caveats, additional genetic systems have been utilized within adipose 

tissue. The tamoxifen inducible CreERT2 system provides temporal precision as administration of 

tamoxifen transiently activates Cre, thus inducing deletion of a specific gene at a specific timepoint 

(190). Coupling this CreERT2 tool with SMA yields SMA-CreERT2 which allows for deletion 

within cells expressing SMA, such as APCs (191-193). Utilizing this system, fate mapping of 

adipocytes is possible. Taken together, these tools can be used for a variety of technologies from 

flow cytometry to fluorescent microscopy. The ability to mark adipocytes and delete genes specific 

to the adipose lineage allows new questions to be asked regarding the functionality and necessity 

of proteins and signaling pathways. These studies and technologies have moved adipose tissue 

biology further toward understanding this complex organ. 
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1.8.1. Statement of Purpose: 
 
 The purpose of this dissertation is to explore the role of the CXCL12/CXCR4 signaling 

axis on WAT and BAT function. Previous reports have shown that CXCL12/CXCR4 signaling 

regulates both WAT and BAT biology. However, the use of gene expression and genetic necessity 

tools for critical evaluation of this signaling pathway remain elusive. Sympathetic innervation of 

BAT is necessary for thermogenesis, but there is a lack of understanding on molecular factors 

responsible for the growth of these nerves. The first part of this dissertation, Chapter 2, focuses on 

CXCL12’s influence on BAT sympathetic innervation. The hypothesis driving this first study is 

that CXCL12 regulates BAT function through increasing sympathetic innervation. Additionally, 

the CXCL12/CXCR4 pathway has been recently explored in WAT. While this pathway has been 

identified as necessary for WAT expansion and homeostasis, the role of CXCL12/CXCR4 

signaling on sex steroids is lacking. The regulation of depot-specific WAT expansion and 

homeostasis by E2 has been established. However, CXCl12/CXCR4 signaling in WAT is still 

unclear. Furthermore, the relationship between CXCL12/CXCR4 and E2 signaling in WAT is 

lacking. The second study of this dissertation is aimed at examining the roles of CXCL12/CXCR4 

on the maintenance and expansion of WAT through regulation of estrogen receptors in a sex-

dependent manner. The hypothesis driving this research is that the CXCL12/CXCR4 signaling 

axis controls adipocyte differentiation and lipid accumulation by downregulating Esr1 

transcriptional activity.  
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2.1. Abstract 
 

Sympathetic innervation of brown adipose tissue (BAT) controls adaptative thermogenesis. 

However, the cellular and molecular underpinnings contributing to brown fat innervation remain 

poorly defined. Here we show that smooth muscle cell expression of Cxcl12 regulates brown 

adipocyte lipid accumulation. However, Cxcl12 does not directly regulate brown adipocyte 

thermogenic function per se. Instead, the genetic loss of Cxcl12 reduces BAT sympathetic 

innervation, thereby increasing lipid accumulation and dampening thermogenic responses to cold 

temperatures. Moreover, ablation of Cxcl12 induces high-fat diet-induced insulin resistance and 

BAT “whitening”. Mechanistically, the loss of Cxcl12 reduces the abundance and accrual of BAT 

Cxcr4/Cd301+ macrophages that are required for sympathetic neuron maintenance. Finally, we 

mailto:dcb37@cornell.edu
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find that systemic administration of Cxcl12 is sufficient to boost BAT resident Cd301+ 

macrophages to restore sympathetic neuronal growth in models of reduced BAT sympathetic 

presence. Our data reveal a smooth muscle cell chemokine-dependent mechanism linking 

immunological infiltration and sympathetic innervation with BAT thermogenesis.    

2.2. Introduction 
 

Brown adipose tissue (BAT), a tissue specialized in non-shivering thermogenesis, has 

provided a significant evolutionary advantage for mammals to survive cold temperature exposure 

(34). This is because brown adipocytes contain specialized mitochondria that futilely burn glucose 

and free fatty acids to generate heat rather than the chemical energy, ATP (194). Specifically, the 

unique expression of the mitochondria protein, uncoupling protein 1 (UCP1), provides brown 

adipocytes the ability to collapse the proton gradient, disconnecting the electron transport chain 

and preventing ATP synthesis. Because of UCP1’s function in creating heat, mice lacking this 

protein develop obesity under environmental conditions of thermoneutrality (195). Also, this 

thermogenic ability of brown adipocytes has generated plenty of clinical research attention as a 

potential mechanism to counteract obesogenic induced white adipose tissue (WAT) expansion and 

metabolic dysregulation (196-198). However, BAT prevalence in humans diminishes with adult 

maturation and aging (199, 200). While the reasons for this decline are unclear, the identification 

of cellular and molecular mechanisms controlling brown adipocyte thermogenic potential and 

perdurance are crucial for harness thermogenic fat to combat excess body fat.   

To achieve thermogenesis, BAT is densely innervated with sympathetic neurons that 

release the neurotransmitter, noradrenaline, to stimulate fat cell lipolysis and energy uncoupling 

(201, 202). Thus the amount of BAT innervation is correlated with thermogenic capacity and 

macronutrient burning potential (203). Recently, adipocyte-expressing genes such as Prdm16, 
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CLSTN3b, and S100B have been linked to the amount of innervation of BAT and WAT (204, 

205). In agreement, the discovery of “batokines” have also driven this notion that intrinsic secreted 

factors from brown adipocytes foster changes in angiogenesis, lipid trafficking, neurite growth, 

and immunometabolism (206). Specifically, adipocyte regulatory genes have been shown to 

cooperate with immunological cells to control sympathetic axons, regulating the amount of 

innervation (207, 208). For example, adipocyte-specific ablation of IL-17 receptor C (IL-17RC) 

reduces the expression of transforming growth factor beta (Tgfb1) to impair sympathetic 

innervation by regulating a T cell subpopulation, T cells (209). Correspondingly, alternatively 

activated (M2) macrophages have been shown to stimulate thermogenic fat cell biogenesis by 

inducing tyrosine hydroxylase expression and catecholamine production (210-212). However, this 

notion that M2 macrophages can generate catecholamines has recently been argued against (213, 

214). Nevertheless, the molecular spectrum controlling sympathetic innervation of thermogenic 

tissue and the regulatory cell-types remain to be fully determined and elucidated.  

Chemokine signaling has been shown to influence stem cell behavior, systemic 

metabolism, and lipid accumulation (215). Specifically, CXC ligand (CXCL) 12 (CXCL12) and 

its receptor, CXC motif receptor (CXCR) 4 (CXCR4), have been suggested to regulate adiposity, 

WAT inflammation, ectopic lipid accumulation, and insulin sensitivity (176, 178, 180, 216, 217). 

Additionally, it has been posited that CXCR4 within white and brown adipocytes promotes lipid 

accumulation in response to high-fat diet (HFD) feeding (176, 216). These observations appear to 

be in contradiction to other reports demonstrating that the sole ligand for CXCR4, CXCL12, acts 

as an insulin sensitization molecule (217). Critically, specific expression profiling and genetic and 

function tests examining CXCL12 activity within WAT and BAT are lacking clarity and, 

consequently, its role in adipose tissue biology and thermogenesis remains unrealized.     
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Here, we investigated the functional role of BAT-resident smooth muscle cells to regulate 

brown adipocyte thermogenesis. We find that smooth muscle actin (SMA) positive cells secrete 

CXCL12 to support basal sympathetic tone to suppress lipid accumulation. In supporting, we 

observe that mice lacking CXCL12 from SMA cells are delayed in thermogenic and metabolic 

flexibility in response to cold temperature exposure. However, CXCL12 does not appear to directly 

regulate brown adipocyte differentiation or thermogenesis. Moreover, we find that blocking 

CXCR4 activity by AMD3100 administration results in brown adipocyte lipid accumulation and 

decreased sympathetic innervation. However, brown adipocyte loss of CXCR4 does not appear to 

emulate the SMA-CXCL12 loss of function phenotype. Instead, we find that CXCL12 ablation 

regulates M2 macrophage presence to support sympathetic innervation and neurite growth. 

Collectively, these findings suggest a critical role for BAT-resident smooth muscle cells in 

supporting sympathetic function and tone to provide thermogenic plasticity in response to cold 

temperature fluctuations.   

2.3. Results 
 
CXCL12 is not expressed within mature white adipocytes  

Several studies have reported varying effects of CXCL12 on adipose-derived stromal cell 

and adipocytes, potentially linking its function to metabolic regulation (176, 178, 180, 216, 217). 

However, CXCL12 expression, function, and genetic necessity tests within WAT or APCs are 

lacking. To begin to delineate CXCL12 WAT expression, we employed the CXCL12-dsRed 

knock-in mouse model. In this model, the fluorescent marker, dsRed, is expressed from the 

endogenous CXCL12 promoter, reporting on active CXCL12 expression (218). To provide 

adipose lineage tracking (stem-to-adipocyte), we combined the CXCL12-dsRed reporter mouse 

with the adipose lineage tracking mouse model, AdipoTrak (AT) (84). AT incorporates a 
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doxycycline suppressible tetracycline-controlled transactivator (tTA) knocked into the 

endogenous locus of peroxisome proliferator activated receptor gamma (PPAR), creating a 

PPAR-promoter driven tTA. To fluorescently visualize the adipose lineage, we have combined 

the PPAR-tTA mouse model with the complementary tetracycline-responsive report system, 

TRE-H2B-GFP (188). Specifically, H2B-GFP will be incorporated into nucleosomes of 

proliferating PPAR+ APCs which can subsequently be transferred to postmitotic adipocytes 

(Figure 9A). Importantly, AT-labeled cells are committed to the adipose lineage and can generate 

adipocytes; thus, serving as a tool to determine if CXCL12 is expressed within the adipose lineage. 

To broadly assess if CXCL12-dsRed expression overlaps with AT, we performed whole-mount 

immunofluorescence imaging of inguinal (iWAT) and perigonadal (gWAT) WAT from AT-

CXCL12-dsRed mice. This cursory imaging revealed minimal overlap between the two reporters 

(GFP and RFP) and showed that CXCL12-dsRed expression appeared restricted to the vasculature 

and did not localize within adipocytes (Figure 9B). In agreement, directed qPCR analysis revealed 

that CXCL12 mRNA expression was enriched within the stromal vascular (SV) compartment 

compared to the floated adipocyte fraction isolated from iWAT and gWAT depots (Figure 9C). 

Similarly, we could not detect dsRed signal within isolated iWAT or gWAT floated adipocytes 

(Figure 9D). Gene expression analysis did not reveal changes in CXCL12 mRNA expression 

between depots. But flow cytometric analysis showed an overall increase in the number of 

CXCL12-dsRed+ cells in gWAT vs iWAT (Figure 9E, F). To confirm these findings, we 

performed immunostaining on iWAT cryosections to detect CXCL12-dsRed expression and 

adipocyte labeling. CXCL12-dsRed expression was undetectable in perilipin+ adipocytes (Figure 

9G).  
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Figure 9: CXCL12 is Not Expressed in Mature White Adipocytes. A) Genetic schema: AdipoTrak 

mice (AT; Pparg-tTA; TRE-H2B-GFP) were combined with the CXCL12-dsRed mouse model. B) 

Representative images of whole mount fluorescence microscopy of periscapular WAT (psWAT) 

from AT-GFP and CXCL12-dsRed mice. C) mRNA levels of CXCL12 within inguinal WAT (iWAT) 

stromal vascular fraction (SVF) or floated adipocytes. *P ≤ 0.033 by ordinary one-way ANOVA. 

Data are mean ± s.e.m. D) Representative images of floated adipocytes from iWAT depots from 

CXCL12-dsRed mice. Hoechst was used to visualize nuclei. E) mRNA levels of CXCL12 within 

iWAT and perigonadal WAT (gWAT) F) Flow cytometric analysis of live CXCL12-dsRed positive 

cells within the the SVF of iWAT and gWAT. ***P ≤ 0.001 by ordinary one-way ANOVA. Data 

are mean ± s.e.m. G) Representative images of GFP, dsRed, and perilipin (Plin1) immunostaining 



 

58 

from iWAT depots from AT-Cxcl12-DsRed mice. H) Representative images of native DsRed 

fluorescence and lipid staining of in vitro derived adipocytes from iWAT SV cells from Cxcl12-

DsRed mice. 
 

To further assess if CXCL12-dsRed expression could be detected within in vitro derived 

adipocytes, we provided adipogenic media to SV cells isolated from iWAT depots from CXCL12-

dsRed mice. However, CXCL12-dsRed expression was undetectable within lipid+ adipocytes but 

could be observed in non-lipid stromal cells within the dish (Figure 9H). Further supporting this 

notion, directed qPCR analysis showed that CXCL12 mRNA expression trended downwards 

throughout the adipogenic time course while PPAR was upregulated (Supplemental Figure 1A). 

Previous reports have suggested that CXCL12 expression and circulating levels are elevated in 

response to high-fat diet (HFD) feeding (180). Indeed, we found that CXCL12 mRNA expression 

was elevated in iWAT and gWAT after 8-weeks of HFD (Supplemental Figure 1B) Yet, we were 

unable to detect dsRed signal within mature adipocytes (Supplemental Figure 1C). Collectively, 

under our gene expression and marking studies, it does not appear that CXCL12 is expressed in 

mature adipocytes.    

To continue to assess if CXCL12 has a functional role in adipogenic potential, we 

performed in vitro adipogenic assays using recombinant CXCL12 protein. We isolated iWAT SV 

cells and treated them with recombinant Sdf-1 or Sdf-1 (50 ng/ml), the two most abundant 

CXCL12 isoforms (219), throughout adipogenesis. However, based upon lipid staining and mRNA 

expression of adipocyte markers, we found that neither ligand appeared to impact adipocyte 

maturation (Supplemental Figure 1D, E).  

CXCL12 is minimally expressed within the APC lineage 

Our whole-mount imaging and immunostaining studies suggests that CXCL12 is not 

expressed in mature adipocyte but may overlap with AT-GFP+ preadipocyte progenitors (90, 92, 
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220-225). To continue to probe if CXCL12 is expressed within the APC lineage, we used FACS 

based approaches to quantify AT-APC adipose lineage overlap with CXCL12-dsRed active 

expression, we found that ~17% (iWAT) and ~25% (gWAT) of AT-GFP labeled cells overlapped 

with CXCL12-dsRed signal (Figure 10A, B and Supplemental Figure 2A). We also used FACs 

analysis to evaluate the total dsRed expressing population and found that ~20% (iWAT) and ~15% 

(gWAT) of dsRed cells overlapped with AT-GFP signal (Figure 10C). Confirming our FACS 

analysis, isolated SV cells from AT-CXCL12-dsRed mice showed that the majority of AT labeled 

APCs were RFP negative 12 hrs. post-plating (Figure 10D). Our whole mount imaging suggested 

CXCL12 may be expressed within the vasculature, therefore, we FACs isolated CXCL12-dsRed 

cells and performed directed qPCR against vascular markers (Figure 10E). We found that both 

smooth muscle and endothelial cell markers were enriched in dsRed+ cells (Figure 10F). We also 

performed immunostaining of iWAT and gWAT sections for SMA and found co-localization 

between SMA and dsRed (Figure 10G). Of note, we also observed that some dsRed+ cells 

colocalized with Cd31 endothelial cells suggesting that CXCL12 may also be expressed within the 

vascular wall (Supplemental Figure 2B). Flow cytometric analysis revealed that CXCL12-SMA+ 

represented a small subset of the total iWAT and gWAT SMA+ cell population (Figure 10H).  

Loss of CXCL12 within SMA+ cells does not alter WAT function 

Our data suggested that CXCL12 is expressed within the vascular smooth muscle cell 

compartment. Interestingly, a subset of APCs has been shown to resemble smooth muscle cells 

(90, 92, 222); thus, we hypothesized that CXCL12 might a have a functional role in regulating 

WAT homeostasis from an APC source. To probe if smooth muscle cell-derived CXCL12 effects 

WAT biology, we established a mouse model to conditionally delete CXCL12 within the smooth 

muscle cell compartment using SMA-CreERT2 (226) (Supplemental Figure 2C). To delete CXCL12 
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within SMA+ cells, in vivo, we administered one dose of tamoxifen (TMX; 50 mg/Kg) for two 

consecutive days by intraperitoneal injection. Subsequently, mice were chased for six-weeks and 

phenotypically evaluated (Figure 10I). We found that both control and mutant mice gained body 

weight at a similar rate (Figure 10J). In agreement, WAT and non-adipose tissue weight were 

similar between control and mutant mice. Consistently, iWAT and gWAT adipocyte size, 

architecture, and gene expression all appeared similar between control and mutant mice (Figure 

10K, L Supplemental Figure 2D-G). Surprisingly, mutant mice demonstrated elevated blood 

glucose levels and mild insulin resistance (Figure 10M, N). Supporting our in vivo observations, 

the adipogenic potential of SV cells isolated from control and mutant iWAT depots appeared 

similar as assessed by lipid staining and adipocyte marker expression (Supplemental Figure 2H-

I).   
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Figure 10: CXCL12 is Minimally Expressed Within the White Adipocyte Lineage. A) Experimental 

schema: SV cells were isolated from iWAT and gWAT depots from AT-CXCL12-dsRed mice. Cells 

were FACS analyzed for colocalization between GFP and dsRed. B) Double positive (AT-GFP 

and CXCL12-dsRed) compared to the total AT-GFP population. *P ≤ 0.033 by ordinary one-way 

ANOVA. Data are mean ± s.e.m. C) Double positive (AT-GFP and CXCL12-dsRed) compared to 

the total CXCL12-dsRed population. ***P ≤ 0.001 by ordinary Students t-test. Data are mean ± 
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s.e.m. D) Representative images of GFP and dsRed colocalization within SV cells were isolated 

from mice described in (A). Cells were visualized 24 hrs. after plating.  E) Experimental schema: 

SV cells were isolated from the iWAT depot from CXCL12-dsRed mice. Cells were FACS isolated 

based on dsRed and mRNA was isolated. *P ≤ 0.033; **P ≤ 0.002; ***P ≤ 0.001 by ordinary one-

way ANOVA. Data are mean ± s.e.m. F) mRNA levels of denoted genes from cells isolated from 

mice described in (E). G) Representative images of dsRed and SMA immunostaining of iWAT 

depots from mice described in (E). Hoechst was used to visualize nuclei. H) SV cells isolated from 

CXCL12-dsRed mice were FACS analyzed for SMA. Data are presented out of total SMA-antibody 

positive cells. *P ≤ 0.05 by ordinary one-way ANOVA. Data are mean ± s.e.m. I) Experimental 

schema: SMA-Control (SMA-CreERT2; or CXCL12/fl) and SMA-CXCL12-KO (SMA-CreERT2; 

CXCL12fl/fl) mice were administered tamoxifen (TMX) at P60 and chased for six-weeks at room 

temperature (RT). J) Body weight from mice described in (I). K) WAT weight from mice described 

in (I). L) Representative images of Plin1 immunostaining of iWAT sections from mice described in 

(I). M) Random fed blood glucose levels from mice described in (I). ; **P ≤ 0.002 by ordinary 

one-way ANOVA. Data are mean ± s.e.m. N) Glucose tolerance test mice described in (I). Inset: 

Area under the curve calculation. **P ≤ 0.002 by ordinary one-way ANOVA. Data are mean ± 

s.e.m.  
 

Loss of CXCL12 within SMA+ cells promote BAT lipid accumulation 

While evaluating the SMA-CXCL12-KO mice, we noticed, upon visual inspection, that 

mutant BAT appeared paler compared to the reddish-brown hue of control BAT (Figure 11A). 

Moreover, mutant BAT was considerably smaller than control BAT (Figure 11B and Supplemental 

Figure 3A). Hematoxylin and eosin (H&E) staining of mutant BAT sections revealed an 

augmentation in lipid deposition compared to control BAT (Figure 11C and Supplemental Figure 

3B). Additionally, triglyceride accumulation assessment demonstrated that SMA-CXCL12-KO 

BAT had more lipids than control BAT (Figure 11D). In agreement, lipid droplet surface area of 

CXCL12-KO brown adipocytes was also increased compared to controls (Figure 11E). We next 

analyzed the molecular phenotype of BAT from six-week chased SMA-Control and SMA-

CXCL12-KO mice. Pan-adipocyte genes such as Fabp4, perilipin, and Pparg were equivalently 

expressed within control and mutant BAT (Figure 11F). In contrast, the levels of brown fat and 

thermogenic genes such as UCP1, Pgc1a, Cidea, and Cox8b were decreased in CXCL12-KO BAT 

(Figure 11G). In agreement, mutant BAT sections showed a reduction in UCP1 immunostaining 
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compared to control BAT sections (Figure 11H). Moreover, UCP1 immunoblotting demonstrated 

a reduction in UCP1 protein expression within mutant BAT compared to controls (Figure 11I and 

J). Next, we assessed if CXCL12 altered brown adipogenesis, we isolated BAT SV cells from non-

TMX induced SMA-control and SMA-CXCL12-KO mice. In culture, SV cells were administered 

TMX (1 µM) for two consecutive days to induce genetic recombination and upon confluency cells 

were induced with brown adipogenic media for eight days. Control and CXCL12-KO BAT 

precursor cells differentiated with equivalent efficiency into lipid+ adipocytes and expressed 

similar levels of pan-adipocyte genes (Figure 11K, L). Consistently, both control and mutant 

brown adipocytes displayed a similar induction of UCP1 in response to CL316,243 treatment 

(Figure 11M).  
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Figure 11: CXCL12 Sourced from SMA Cells is Critical for Brown Adipocyte Lipid Homeostasis. 

A) Representative images of BAT from SMA-Control and SMA-CXCL12-KO mice six-weeks post 

TMX. B) BAT weight from mice described in (A). ***P ≤ 0.001 by ordinary Students t-test. Data 

are mean ± s.e.m. C) Representative images of hematoxylin and eosin (H&E) staining of BAT from 

mice described in (A). D) BAT triglyceride (TG) amount (nmol/mg) from mice described in (A). 

*P ≤ 0.033 by ordinary Students t-test. Data are mean ± s.e.m. E) Lipid droplet area quantification 

from BAT sections from mice described in (A). n = 5 mice/group (3 images/mouse were quantified). 

***P ≤ 0.001 by ordinary Students t-test. Data are mean ± s.e.m. F) mRNA levels of pan-adipocyte 

markers within BAT from mice described in (A). G) mRNA levels of thermogenic markers within 
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BAT from mice described in (A). *P ≤ 0.033 by ordinary Students t-test. Data are mean ± s.e.m. 

H) Representative images of immunostaining of Plin1 and UCP1 from BAT sections from mice 

described in (A).  I) Immunoblot of UCP1 and b-tubulin from BAT from mice described in (A). n 

= 3 individual mice/group. J) Densitometry quantification of UCP1/b-tubulin from the immunoblot 

in (I). **P ≤ 0.002 by ordinary one-way ANOVA. Data are mean ± s.e.m. K) Representative images 

of lipid staining of in vitro derived brown adipocytes from isolated BAT SV cells from mice 

described in (A). L) mRNA levels of denoted pan-adipocyte markers from in vitro derived 

adipocytes described in (K) M) UCP1 mRNA levels within in vitro derived brown adipocytes 

described in (K) treated with vehicle (PBS) or Cl316,243 (1 µM; for 12 hrs). **P ≤ 0.002; ***P 

≤ 0.001 by ordinary one-way ANOVA. Data are mean ± s.e.m. 
 

CXCL12 is uniquely expressed within BAT resident SMA+ cells 

As a next step, we assessed if CXCL12 expression could be detected within brown 

adipocytes using the AT-CXCL12-dsRed expression mouse model. But based upon whole-mount 

immunofluorescence, immunostaining of BAT sections, and in vitro adipogenesis, we were unable 

to detect dsRed signal within mature brown adipocytes (Supplemental Figure 3C-E). Because 

SMA+ cells do not generate brown adipocytes, we assessed if CXCL12 could influence brown 

adipogenesis by isolating brown adipocyte precursor cells from SMA-Control mice and treating 

them with 50 ng/ml of CXCL12 throughout adipogenesis. Comparably, vehicle and CXCL12 

treated cells differentiated into lipid+ and functional brown adipocytes (Supplemental Figure 3F, 

G). Next, we assessed if BAT was uniquely enriched in CXCL12 cells compared to other organs. 

Indeed, we found that about ~15-20% of the SVF contained dsRed+ cell, having similar levels to 

bone marrow (Supplemental Figure 3H, I). In contrast, other tissues such as kidney, liver, and 

spleen all contained less dsRed+ cells than BAT. Next, we evaluated if BAT SMA+ cells were 

distinctively enriched with CXCL12. FACs analysis of BAT-derived CXCL12-dsRed cells 

showed that over 60% of cells were SMA positive (Supplemental Figure 3J, K). On the other hand, 

like iWAT, CXCL12-SMA+ cellular population represented a small subset of the total BAT 

SMA+ cellular pool (Supplemental Figure 3L). Collectively, these data suggested that CXCL12 is 

largely and may exclusively be expressed in BAT SMA+ cells compared to other organs.  
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Loss of CXCL12 within SMA+ cells block acute BAT thermogenic potential  

The notion that deleting CXCL12 within SMA+ cells facilitate BAT reduction and brown 

adipocyte lipid accumulation made us question if brown adipocyte thermogenesis is impaired in 

SMA-CXCL12-KO mice. Towards this end, we performed a cold tolerance test on SMA-Control 

and SMA-CXCL12-KO mutant mice six-weeks post TMX-induced deletion (Figure 12A). We 

found that mutant mice were significantly more sensitive to cold temperatures within the first 24 

hrs. compared to control littermates (Figure 12B). However, by 48 hrs. of cold exposure, body 

temperatures between control and mutant mice normalized and remained comparable throughout 

the cold challenge (Supplemental Figure 4A). Furthermore, we noted smaller mutant BAT depots 

at 24 hrs. but after seven days of cold exposure they appeared normalized to control levels (Figure 

12C). Histological profiling identified the presence of enhanced lipid deposition within SMA-

CXCL12-KO BAT at 0, 6, 12, and 24 hrs. post cold exposure. However, by 48 and 168 hrs. (7 

days) of cold exposure, BAT histology looked similar between control and mutant mice (Figure 

12D). Additionally, directed qPCR showed an initial reduction in UCP1 but was completely 

restored after seven-days of cold exposure (Figure 12E, F). Metabolic cage analysis showed 

comparable oxygen consumption between RT housed control and mutant mice (227). However, 

upon initial cold exposure mutant mice had a reduction in oxygen consumption (Figure 12G). Of 

note, a significant reduction in oxygen consumption remained after three days of cold exposure, 

while our histological and rectal temperature data a normalization between control and mutant 

mice. Because SMA+ cells can serve as beige adipocyte progenitors, we evaluated if beige fat 

formation was affected by CXCL12 deletion within the SMA lineage after seven days of cold 

exposure. Yet, beige fat appearance and thermogenic markers within iWAT depots appeared like 

controls (Supplemental Figure 4B-G).  
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Figure 12: CXCL12 Sourced from SMA Cells is Critical for Acute BAT Thermogenesis. A) 

Experimental schema: At P60, SMA-Control and SMA-CXCL12-KO mice were administered 

TMX. After a six-week chase, mice were exposed to cold temperature (6.5C) uptil seven days. B) 

Rectal temperatures of mice described in (A) were measured every hour for the first six hours then 

at 8, 10, and 24 hrs. *P ≤ 0.033 by ordinary Students t-test. Data are mean ± s.e.m. C) BAT weight 

from mice described in (A) after 24 hrs and 168 hrs (7 days) in the cold. *P ≤ 0.033 by ordinary 
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Students t-test. Data are mean ± s.e.m. D) Representative images of H&E staining of BAT from 

mice described in (A) after 0, 6, 12, 24, 48, and 168 hrs. of cold exposure. E) UCP1 mRNA levels 

within BAT from mice described in (A) maintained in the cold for 0, 24, 48, and 168 hrs. *P ≤ 

0.033 by ordinary Students t-test. Data are mean ± s.e.m.  F) mRNA levels of denoted brown 

adipocyte and thermogenic markers within BAT from mice described in (A). G) Mice described in 

(A) were placed in a metabolic cage and oxygen consumption (whole day) was measured at RT 

and cold exposure (3 days; 72 hrs). n= 4-5 mice/group. *P ≤ 0.033 by ordinary Students t-test. 

Data are mean ± s.e.m. H) Experimental schema: At P60, SMA-Control and SMA-CXCL12-KO 

mice were administered TMX. After a six-week chase, mice were administered CL316,243 (CL) 

daily for 24 and 168 hrs. I) Representative images of H&E staining of BAT sections from mice 

described in (H). J) UCP1 mRNA levels within BAT from mice described in (H) administered CL 

for 24 and 168 hrs.  
 

CXCL12 does not directly regulate brown adipocyte thermogenesis 

Our cold temperature studies suggested that CXCL12 may regulate acute BAT 

thermogenesis. To test if CXCL12 directly impacts the thermogenic capacity of brown adipocytes, 

we acutely administered the 3-adrenergic receptor agonist, CL316,243 (CL) to SMA-Control and 

SMA-CXCL12-KO mice six-weeks post TMX-induction (Figure 12G) (31, 224, 228). As we 

observed above, histological staining of BAT from saline treated mutant mice showed increased 

BAT lipid deposition compared to control mice. In response to one injection (acute) of CL, mutant 

BAT appeared histologically comparable to control BAT (Figure 12H). In agreement, directed 

qPCR showed that brown and thermogenic genes were comparably induced (Figure 12I). 

Moreover, we treated a cohort of control and mutant mice chronically (seven days) with CL and 

evaluated brown adipose tissue recruitment and lipid accumulation. Both histological and gene 

expression analysis revealed no differences in brown fat appearance or function between control 

and mutant mice (Figure 12H, I). Based on these data it appears that CXCL12 may not directly 

regulate brown adipocyte thermogenesis.  

Defective BAT function is often correlated with susceptibility to diet-induced obesity and 

metabolic dysfunction (198, 229). Therefore, we challenged SMA-Control and SMA-CXCL12-

KO mice with high fat diet for eight-weeks (Supplemental Figure 4K). While on HFD no 
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significant differences in body weight or fat content were observed between control and mutant 

mice (Supplemental Figure 4L, M). Yet, we did note that glucose clearance was slightly impaired 

(Supplemental Figure 4N). WAT depots between control and mutants appeared similar in weight 

(Supplemental Figure 4O). However, SMA-CXCL12-KO BAT was significantly smaller than 

control BAT (Supplemental Figure 4P). In agreement, histological evaluation revealed more 

unilocular brown adipocytes could be observed in mutant BAT sections compared to controls 

(Supplemental Figure 4Q). Changes in BAT morphology were also associated with lower UCP1 

and other thermogenic markers (Supplemental Figure 4R, S).  

CXCR4 antagonism regulates BAT lipid accumulation 

Two CXC-motif chemokine receptors (CXCR) have been shown to bind CXCL12 with 

high affinity: CXCR4 and CXCR7 (230). CXCL12 is the sole ligand for CXCR4, and CXCR4 has 

been implicated in brown adipocyte biology (216). Therefore, we first assessed if chemically 

inhibiting CXCR4 recapitulated the SMA-CXCL12-KO BAT phenotype by treating male mice for 

four-weeks with AMD3100 (5 mg/Kg; Plerixafor), a CXCR4 antagonist and FDA approved 

immunostimulant (Figure 13A) (231). We did not observe differences in body weight, body fat 

content, or glucose tolerance between vehicle and AMD3100 treated mice (Supplemental Figure 

5A-C). Moreover, AMD3100 did not provoke distinguishable differences between WAT, BAT, or 

organ weight (Figure 13B and Supplemental 5D, E). Nonetheless, like the SMA-CXCL12-KO 

model, we did observe histological “whitening” of BAT specimens treated with AMD3100 (Figure 

13C, D). BAT gene expression examination of AMD3100 treatment mice revealed a 

downregulation in thermogenic markers (Figure 13E). However, in vitro, AMD3100 did not 

appear to influence brown fat adipogenic potential (Figure 13F, G). On the hand, white adipocytes 
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appeared histologically similar between vehicle and AMD3100 treated mice (Supplemental Figure 

5F). 

 

Figure 13: CXCR4 is Required for Brown Adipocyte Lipid Accumulation but Independent of 

CXCR4 Brown Adipocyte Expression. A) Experimental schema: At P60, Sma-Control were 

administered vehicle (PBS) or AMD3100 (5mg/Kg IP 4x/week for four weeks). n = 10 mice/group. 

B) BAT weight from mice described in (A). Rectal temperatures of mice described in (A) were 

measured every hour for the first six hours then at 8, 10, and 24 hrs. C) Representative images of 

H&E staining of BAT from mice described in (A) D) Lipid droplet area quantification from BAT 
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sections from mice described in (A). n = 5 mice/group (3 images/mouse were quantified) ***P ≤ 

0.001 by ordinary Students t-test. Data are mean ± s.e.m. E) UCP1 and Pgc1a mRNA levels within 

BAT from mice described in (A). *P ≤ 0.033 by ordinary Students t-test. Data are mean ± s.e.m.  

F) BAT SV cells were isolated from mice described in (A) and induced with brown adipocyte 

adipogenic media. Lipids were visualized for adipogenic potential. G) UCP1 mRNA levels within 

in vitro derived brown adipocytes described in (F) treated with vehicle (PBS) or Cl316,243 (1 µM; 

for 12 hrs). ***P ≤ 0.001 by ordinary Students t-test. Data are mean ± s.e.m. H) Experimental 

schema: UCP1-Control (UCP1-Cre) and UCP1-CXCR4-KO (UCP1-Cre; CXCR4fl/fl) were 

maintained at RT until P60; subsequently, mice were cold exposure for 24 (acute) or 168 (chronic) 

hrs. n = 9-10 mice/group I) Rectal temperatures of mice described in (H) were measured every 

hour for the first six hours then at 8, 10, and 24 hrs. J) BAT weight from mice described in (H) 

after 24 hrs in the cold. K) UCP1 and Pgc1a mRNA levels within BAT from mice described in (H) 

after 24 hrs of cold exposure. L) Representative images of H&E staining of BAT sections from 

mice described in (H) after 24 and 168 hrs of cold exposure. M) Representative images of  H&E 

staining of iWAT sections from mice described in (H) after 168 hrs of cold exposure. N) 

Representative images of lipid staining of in vitro derived brown adipocyte adipogenesis from BAT 

SV cells isolated UCP1-Control and UCP1-CXCR4-KO mice at P60.  
 

CXCR4 is not required for brown adipocyte lipid accumulation or thermogenesis 

To directly evaluate if CXCR4 controls brown adipocyte lipid deposition, we generated 

UCP1-Cre; CXCR4fl/fl (UCP1-CXCR4-KO mice) and evaluated room temperature (RT) housed 

mice at P60 (Figure 13H). At P60, we found that mice maintained at RT harboring the brown 

adipocyte specific CXCR4 deletion did not have changes in body, WAT, or BAT weight 

(Supplemental Figure 5H-J). In contrast to the CXCR4 antagonist treated mice, UCP1-CXCR4-

KO mice did not exhibit BAT morphological “whitening” (Figure 13L). To test the thermogenic 

capacity of CXCR4 deficient BAT, we cold temperature challenged UCP1-Control and UCP1-

CXCR4-KO and evaluated them at 24 and 168 hrs. post cold exposure (Figure 13H). Phenotypic, 

histologic, and molecular profiling revealed that both control and mutant mice responded 

equivalently to acute and chronic cold temperature challenge (Figure 13I-L and Supplemental 

Figure 5K-M). In response to chronic cold (7 days), UCP1-CXCR4-KO did not display changes 

in WAT weight, beige adipocyte appearance, or thermogenic gene expression compared to UCP1-

Control littermates (Figure 13M and Supplemental Figure 5M, N). We then took an in vitro 
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approach by isolating BAT SV cells from UCP1-Control and UCP1-CXCR4-KO mice and 

examined their differentiation potential. Control and mutant precursor cells differentiated 

equivalently into mature lipid droplet containing adipocytes (Figure 13N). Taken together, our 

BAT-specific CXCR4 studies do not appear to recapitulate the SMA-CXCL12-KO model, nor did 

we observe a functional role for CXCR4 in regulating BAT lipid levels as previously reported. 

Yet, our CXCR4 antagonist data do support the role of CXCL12/CXCR4 in regulating BAT lipid 

accumulation  

CXCL12 regulates BAT sympathetic innervation 

Our findings suggest that CXCL12 signaling controls BAT lipid deposition independent of 

brown adipocyte regulation. Because BAT is densely innervated and sympathetic neurons produce 

noradrenaline to stimulate lipolysis, we hypothesized that the loss of CXCL12 might foster brown 

adipocyte lipid accumulation by reducing BAT sympathetic innervation. To assess BAT 

sympathetic innervation, we performed tyrosine hydroxylase (TH) immunostaining on RT housed 

SMA-control and SMA-CXCL12-KO mutant mice six-weeks post TMX induction. Markedly, TH 

immunostaining was significantly reduced in Cxcl12 mutant mice compared to control BAT 

(Figure 14A). In support of this notion, immunoblotting confirmed less TH in mutant BAT than 

control BAT depots (Figure 14B, C). Quantification of TH neuron length from immunostained 

BAT sections revealed a reduction in sympathetic outgrowth in mutant BAT compared to controls 

(Figure 14D). Additionally, immunostaining against TUBB3, a neural-specific tubulin, showed 

less innervation in response to CXCL12 loss (Supplemental Figure 6A). We also evaluated if 

CXCL12 ablation affected iWAT innervation after cold exposure. However, iWAT TH presence 

appeared similar between control and mutants after seven-days of cold exposure (Supplemental 

Figure 6B). Based on H&E staining and molecular profiling in Figure 12, we hypothesized that 
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TH+ neurite growth might be restored in mutant mice after cold exposure. Indeed, after 24 hrs. of 

cold exposure, a reduction in TH immunostaining could still be observed in mutant mice (Figure 

14E). But after seven days of cold exposure TH presence was indistinguishable between mutant 

and control BAT sections (Figure 14E). Overall, our data suggest that CXCL12 may regulate 

brown adipocyte lipid accumulation by supporting sympathetic neuron presence and growth.  

 We assessed if disrupting CXCR4 activity reduced BAT TH presence. We evaluated BAT 

sections from vehicle or AMD3100 treated mice for four weeks as described in Figure 13H for TH 

immunopositivity. We found that AMD3100 significantly reduced the amount of BAT TH 

presence throughout the tissue (Figure 14F). Moreover, TH+ sympathetic outgrowths were shorter 

in AMD3100 treated mice compared to vehicle (Figure 14G). Conversely, we did not observe 

changes in TH immunostaining between UCP1-Control and UCP1-CXCR4-KO BAT 

(Supplemental Figure 6C). Overall suggesting that CXCL12 can influence TH sympathetic neural 

presences in a CXCR4 dependent but independent of CXCR4-brown adipocyte function,  

Rodents experience thermal stress at RT; accordingly, rearing or housing mice at 30ºC 

(thermoneutrality) alleviates cold-induced signals by deactivating adrenergic signaling allowing 

BAT to “whiten” (232-234). We hypothesized that CXCL12-induced brown adipocyte lipid 

accumulation and loss of sympathetic innervation resembled mice acclimated to thermoneutrality. 

Towards this end, RT reared SMA-Control and SMA-CXCL12-KO mice were housed at 

thermoneutrality (30ºC) starting at P30. Three weeks after TN (~P50), mice were administered 

TMX and chased for six-weeks (Figure 14G). Over the six-week period, control and mutant mice 

gained weight equivalently (Figure 14H). Additionally, WAT weight appeared indistinguishable 

between control and mutant mice (Figure 14I). But identifiable mutant BAT weighed less than 

control BAT (Figure 14J). H&E staining revealed more unilocular-like and lipid engorged brown 
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adipocytes in mutant BAT sections than in control specimens (Figure 14K). Directed qPCR 

analysis showed a reduction in thermogenic gene expression in mutant BAT compared to control 

samples; however, the pan-adipocyte marker, Plin1, remained unchanged (Supplemental Figure 

6D). Moreover, TH immunostaining revealed a significant regression of sympathetic neurons 

within BAT of SMA-CXCL12-KO mice compared to TN controls (Figure 14M). In agreement 

with the notion of disrupted BAT, fed glucose levels were higher in mutant mice compared to 

controls (Figure 14N). These data support the notion that CXCL12 may regulate BAT sympathetic 

innervation to control brown adipocyte lipid levels.  
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Figure 14: CXCL12 is Required for BAT Sympathetic Innervation. A) Representative images of 

TH immunostaining of BAT sections from SMA-Control and Sma-Cxcl12-KO mice six-weeks post-

TMX maintained at RT. B) Representative immunoblots of TH protein levels from BAT from mice 

described in (A). n = 3 mice/group. C) Quantification of the TH immunoblot described in (B). **P 

≤ 0.002 by Students t-test. Data are mean ± s.e.m. D) Quantification of TH length from TH 

immunostaining images described in (A). E) Representative images of TH immunostaining of BAT 

sections from SMA-Control and Sma-Cxcl12-KO mice six-weeks post-TMX maintained at cold 
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temperatures for 24 and 168 hrs. F) Representative images of TH immunostaining of BAT sections 

from SMA-Control treated with vehicle or AMD3100 (5 mg/Kg 4x/week for four-weeks) 

maintained at RT. G) Quantification of TH length from TH immunostaining images described in 

(F).  n = 5 mice/group (3 images/mouse were quantified) H) Experimental schema: SMA-Control 

and Sma-Cxcl12-KO mice were maintained at RT until P30. Subsequently, mice were housed at 

TN (30C) for three-weeks then administered TMX then chased for six-weeks then evaluated. n= 8 

mice/group. I) Body weight after from mice described in (H). J) WAT weight after from mice 

described in (H). K) BAT weight from mice described in (H). ***P ≤ 0.001 by ordinary Students 

t-test. Data are mean ± s.e.m. L) Representative images of H&E staining of BAT from mice 

described in (H). M) Representative images of TH immunostaining from mice described in (H). N) 

Random blood glucose levels from mice described in (H).  *P ≤ 0.033 by Students t-test. Data are 

mean ± s.e.m.  
 

CXCL12 maintains BAT M2 macrophage to support innervation 

Our data suggest that CXCL12 regulates sympathetic extensions in BAT; yet, how does CXCL12 

change sympathetic innervation? While examining SMA-CXCL12-KO BAT histological sections, 

we noticed a reduction in overall nuclei number compared to control sections (Figure 12D). This 

raised the possibility that the loss of CXCL12 might influence the surrounding niche cells to 

disrupt sympathetic innervation. In our model, CXCL12 is depleted in Sma+ smooth muscle cells 

thus, we evaluated changes in endothelial and smooth muscle cell markers within BAT (235). 

However, mRNA analysis revealed similar levels of gene expression between control and mutant 

BAT samples (Figure 15A). Since CXCL12/CXCR4 chemokine signaling can regulate immune 

cell mobilization and retention, we evaluated BAT macrophage and immunological markers from 

control and mutant mice. Gene expression of the generalized immunological marker, F4/80, was 

considerably lower in mutant BAT compared to control samples (Figure 15B). In agreement, flow 

cytometric analysis of CD68, a broad macrophage marker, revealed a reduction in the total number 

of BAT macrophages (Figure 15C). M2 macrophages are often associated with metabolic health 

and potential thermogenic function and can become disrupted in response to changes in 

temperature and diet. Therefore, we speculated that M2 macrophages may be altered in response 

to CXCL12 deletion. Consistent with this notion, directed qPCR analysis revealed a reduction in 
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anti-inflammatory markers (IL-10, IL-13) and lower M2 macrophage markers (Cd301 (Clec10a), 

CD163, and Arg1) (Figure 15D). However, we did not observe differences in pro-inflammatory 

markers such as tumor necrosis factor alpha (TNF), interleukin-6 (IL-6) or IL-8 (Figure 15D). In 

alignment, flow cytometric analysis revealed a reduction in the frequency and abundance of 

Cd301+ macrophages in SMA-CXCL12-KO BAT compared to controls (Figure 15E and 

Supplemental Figure 7A, B). Yet, within iWAT depots the Cd301 cell frequency was equivalent 

between control and mutants (Supplemental Figure 7C). HFD signals also reduces M2 macrophage 

presence; therefore, we asked if M2 macrophage was exacerbated in SMA-CXCL12-KO mice fed 

a HFD. Indeed, by flow cytometric analysis, mice fed a HFD for eight weeks showed a significant 

reduction in the frequency and abundance of Cd301+ cells but this effect was heightened in the 

mutant mice in both BAT and iWAT depots (Figure 15E and Supplemental Figure 7C).  
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Figure 15: CXCL12 is Sufficient for M2 Macrophage BAT Accrual. A) mRNA expression levels of 

denoted mural and endothelial cell markers within BAT of SMA-Control and Sma-Cxcl12-KO mice 

six-weeks post-TMX. *P ≤ 0.033 by ordinary one-way ANOVA. Data are mean ± s.e.m. n = 4-3 

mice/group. B) mRNA expression levels of F4/80 within BAT of mice described in (A). n =5 

mice/group. **P ≤ 0.002 by ordinary Students t-test. Data are mean ± s.e.m. C) Total number of 

CD68+ cells within BAT by FACS analysis. n = 5-4 mice/group. **P ≤ 0.002 by ordinary Students 

t-test. Data are mean ± s.e.m. D) mRNA expression levels of denoted pro-inflammatory and anti-
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inflammatory markers within BAT from mice described in (A). *P ≤ 0.033; **P ≤ 0.002; ***P ≤ 

0.001 by ordinary one-way ANOVA. Data are mean ± s.e.m. E) FACS analysis of CD301 frequency 

within BAT from mice described in (A) and from mice fed a HFD for 8 weeks beginning three 

weeks post-TMX. ***P ≤ 0.001 by ordinary one-way ANOVA. Data are mean ± s.e.m. F) FACS 

analysis of CD301 adundance within BAT from mice described in (A) and from mice fed a HFD 

for 8 weeks beginning three weeks post-TMX. ***P ≤ 0.001 by ordinary one-way ANOVA. Data 

are mean ± s.e.m. G) Experimental schema: Sma-Control and Sma-Cxcl12-KO mice were 

administered TMX at P60, chased for six-weeks then administered vehicle or Cxcl12 (100 

ng/mouse) for 10 consecutive days. n = 3-7 mice/group H) Representative images of H&E staining 

from mice described in (F). I) Representative images of TH immunostaining from mice described 

in (F). J) mRNA expression levels of Ucp1 within BAT from mice described in (F). *P ≤ 0.033; 

**P ≤ 0.002 by ordinary one-way ANOVA. Data are mean ± s.e.m. K) FACS analysis of CD301+ 

cells within BAT from mice described in (F). ***P ≤ 0.001 by Students t-test. Data are mean ± 

s.e.m.  
 

CXCL12 promotes BAT innervation via macrophage accretion  

Our data suggest that CXCL12 may regulate sympathetic innervation by controlling M2 

macrophage accrual. Therefore, we hypothesized that CXCL12 might be sufficient to retain M2 

macrophages to sustain BAT sympathetic innervation and raised the possibility that administering 

CXCL12 to SMA-CXCL12-KO mice might restore innervation, reducing brown adipocytes lipid 

accumulation. Towards this end, we administered CXCL12 for 10 consecutive days to TMX 

induced SMA-Control and SMA-CXCL12-KO mice (Figure 15F). By H&E staining, we observed 

that mutant mice receiving CXCL12 reduced lipid accumulation compared to vehicle-treated 

mutant mice (Figure 15G). Moreover, BAT TH immunostaining revealed restored innervation 

after CXCL12 administration in mutant mice compared to CXCL12-KO mice receiving vehicle 

(Figure 15H). Finally, we observed that treating SMA-CXCL12-KO mice with CXCL12 restored 

Cd301 macrophage numbers compared to vehicle-treated mice (Figure 15I). Overall, we find that 

CXCL12 is sufficient to drive Cd301 macrophage recruitment to restore sympathetic innervation 

of BAT.  
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2.4. Discussion 
 
           The generation of thermogenic fat cells (brown and beige) is clinically desirable due to their 

ability to futilely burn glucose and free fatty acids, generating heat rather than cellular energy 

(198). Accordingly, much attention has focused on fat cell-intrinsic factors controlling brown and 

beige adipocyte thermogenesis (236-238). However, a major obstacle has been the inability to 

examine niche regulatory factors that control the thermogenic process and BAT perdurance. Our 

findings have revealed an intricate function of BAT smooth muscle cells to secrete CXCL12 to 

support and retain local anti-inflammatory macrophages, which appear to be essential for 

maintaining BAT sympathetic innervation. 

CXCL12/CXCR4 signaling is involved in several aspects of stem cell biology, 

hemopoiesis maturation, and embryonic tissue development and function. In addition, recent 

CXCL12/CXCR4 signaling research has extended beyond developmental regulation to suggest a 

role in adipose tissue biology and systemic metabolisms such as inflammation and insulin 

resistance (179). Yet, such regulatory functions of CXCL12 and CXCR4 have been suggested to 

emanate from mature adipocytes. Interestingly, our studies do not appear to support a role for 

CXCL12 expression within adipocytes, nor do our studies ascribe a functional role for CXCL12 

in adipocyte biology. Using a variety of genetic and molecular approaches, we were unable to 

detect CXCL12 native expression within mature adipocytes under chow or HFD conditions. Also, 

we did not observe changes in adipogenic potential in vitro when APCs were treated with 

recombinant CXCL12. Unfortunately, the relative centimorgan proximity on chromosome 6 

between PPAR, the RosaR26 allele—used in fate mapping reporter systems—and CXCL12 loci 

prevents detailed genetic and fate mapping analyses of CXCL12 within the adipose lineage (84, 

218, 239). Similarly, CXCR4 has been shown to regulate brown adipocyte lipid accumulation 
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(176, 216). However, at RT or upon cold temperature exposure, we could not detect physiological 

or morphological changes in response to CXCR4 brown adipocyte deletion. It is unclear what 

defines the differences in our studies compared to others. However, it may be related to the mouse 

strain background, vivarium conditions, gut microbiota, dietary stress, and in vitro cell lines used. 

Further assessment of CXCL12 and CXCR4 within the adipose lineage will be critical to 

understanding how this signaling pathway controls metabolism. 

Several studies have suggested that BAT homeostasis and thermogenesis defects impair metabolic 

fitness in response to chronic overnutrition (240). Indeed, we observe subtle changes in glucose 

metabolism in response to CXCL12 deletion; however, we do not observe significant systemic 

metabolic effects, as previously demonstrated. Our observations may be due to timing and 

phenotypic evolution. For example, we administered HFD three weeks post CXCL12 deletion, 

which shows changes in BAT macrophage composition and innervation but may not be sufficient 

to exacerbate the metabolic phenotype in response to HFD. Thus, the degree and penetrance of the 

phenotype probably is a critical regulator of BAT metabolic perturbation and systemic metabolism 

in response to diet-induced obesity.    

Our CXCR4 antagonism data demonstrate the involvement in CXCR4 mediated BAT 

innervation and brown adipocyte lipid homeostasis. Our studies identify that CXCR4 is expressed 

on Cd301+ M2 macrophages, yet how does CXCR4 function within these macrophages to regulate 

sympathetic innervation, and is CXCR4 required for Cd301 macrophage BAT retention? Recent 

work has suggested that Cx3Cr1+ BAT macrophages, an M2 macrophage subpopulation, can 

support BAT innervation through the regulation of Mecp2, a nuclear transcription regulator that is 

often mutated in Rett syndrome (241, 242). Genetic loss of Mecp2, within Cx3Cr1+ macrophages, 

causes an upregulation of Plexin A4, a protein involved in axon pruning and repulsion via 
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semaphorin receptor activity (243, 244). This hyper-interaction between Plexin A4 and 

semaphorin may be why these dysfunctional macrophages impede sympathetic innervation and 

lower norepinephrine tone (241). It will be interesting to determine if CXCL12/CXCR4 regulates 

the Mecp2-Plexin A4 pathway in Cd301+ macrophages to regulate BAT sympathetic tone. 

Moreover, other factors such as Slit3 have been shown to regulate sympathetic innervation of 

brown and beige thermogenic tissue via macrophages (245); thus, other pathways may exist to 

support macrophage accrual and sympathetic innervation.   

Adipose tissue anti-inflammatory macrophages are critical for tissue homeostasis (246). 

However, these efforts have focused on conditions such as HFD induced obesity or cold challenge 

associated with local inflammatory changes (247). Regarding thermogenesis, these reports on 

inflammatory cells such as group 2 innate lymphocytes, leukocytes, and eosinophils, have centered 

around beige adipocyte development rather than brown adipocyte macrophage composition and 

function (212, 248-253). The metabolic changes induced in the absence of BAT Cd301+ 

macrophages reveal the critical physiological involvement in governing sympathetic innervation. 

Moreover, our data suggest an even deeper layer of complexity exists by demonstrating that BAT 

smooth muscle cells can control macrophage recruitment and retention. Our studies also 

demonstrate that the plasticity of smooth muscle cells dynamically changes the expression of 

CXCL12 in response to feeding conditions and temperature fluctuations. While our FACs studies 

suggest that SMA cells within BAT express CXCL12 other SMA+ cells in other tissues may be 

facilitating BAT macrophage accrual and sympathetic neuronal growth. In general, studies aimed 

at identifying and characterizing tissue reside vascular cells such as endothelial, smooth muscle, 

and adventitial fibroblasts will provide insight into unique regulating mechanisms governing tissue 

function and homeostasis. Additionally, more evidence directed at changes in other BAT niche 
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regulator cells could provide crucial insight into brown adipocyte thermogenesis and function 

(254). 

In the SMA-CXCL12-KO mice, BAT function and thermogenesis are initially blunted; 

however, chronic cold temperature exposure can overcome the defects introduced by the lack of 

CXCL12. This suggests that compensatory mechanisms could exist to stimulate sympathetic 

innervation over extended periods of cold temperature exposure. Moreover, other cell types may 

facilitate Cd301+ macrophage recruitment to engage sympathetic nerve growth and 

norepinephrine release. This finding highlights the specialized functionality of macrophages but 

also the requirement of other chemokine networks that may facilitate BAT innervation and 

thermogenesis (255). 

Collectively, we have established a previously unknown homeostatic function of BAT 

smooth muscle cells to retain a subset of macrophages that control BAT innervation and 

thermogenesis. Altered BAT innervation disrupts BAT homeostasis increasing lipid accumulation 

and impairing acute thermogenic responses, altering energy homeostasis. Our results identify a 

unique role for CXCL12/CXCR4 signaling to retain and support M2 macrophages within BAT to 

bolster sympathetic innervation to control BAT thermogenesis. Prospective studies aimed at other 

niche regulatory cells within BAT could uncover new avenues to regulate brown adipocyte 

thermogenesis. Finally, our data suggest that maintaining supportive BAT macrophages via 

CXCL12 signaling could be a mechanism to brown adipocyte perdurance and metabolic 

homeostasis.   
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2.5. Materials and Methods 
 
Mouse models: Mice were maintained on a 14:10-hour light/dark cycle with free access to food 

and water. Sma-CreERT2 mouse model was generously obtained from Drs. Pierre Chambon and 

Daniel Metzger (226). Sma-CreERT2 mice were combined with either R26-tdtomato (stock #007914) 

or R26-mTmG (stock #007676) mice from Jackson Laboratories. Sma-CreERT2 reporter mice were 

crossed with either PdgfrbD849V (stock #018435) or Pdgfrbfl/fl (stock #010977) from Jackson 

Laboratories. AdipoTrak was previously created using the following genetic models: Pparg-tTA 

(stock #024755 Jackson Laboratories) and TRE-H2B-GFP (generously provided by Dr. Tudorita 

Tumbar)(84). Ucp1-Cre (stock #024670), Cxcl12fl/fl (stock #021773); Cxcl12-DsRed (stock 

#022458), Cxcr4fl/fl (stock #008767) were purchased from Jackson Laboratories. Offspring were 

intercrossed for six generations prior to experimentation and were maintained on mixed 

C57BL/6J-129SV background. To induce recombination, denoted mice were administered one 

dose of TMX (50 mg/Kg; Cayman Chemical: 13258) dissolved in sunflower seed oil (Sigma, item 

no: S5007) for two consecutive days via intraperitoneal (IP) injection. After the final TMX 
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injection, mice were maintained for seven days at room temperature prior to experimentation, as a 

TMX washout period. For cold temperature exposure, mice were housed in a 6.5ºC cold chamber 

(Power Scientific RIS70SD) or mice were maintained at RT (~22ºC). For thermoneutrality 

experiments, mice were house in a 30ºC chamber (Power Scientific RIS70SD). All animal 

experiments were performed on 3 or more mice per cohort and performed at least twice. All animal 

experiments were performed according to procedures approved by the Cornell University 

Institutional Animal Care and Use Committee under the auspices of protocol number 2017-0063.  

Physiological measurements: Temperature was monitored daily (~18:00 EST) using a TH-5 

ThermalertClinical Thermometer (Physitemp) attached to a RET-3 rectal probe for mice 

(Physitemp). Prior to insertion, the probe was lubricated with glycerol and was inserted 1/2 inch 

and temperature was measured once stabilized. Glucose monitoring: blood glucose levels were 

measured with a Contour glucometer (Bayer) and with Contour glucose strips. 

Pharmacological treatments: For Cxcl12 treatments, mice at the denoted time points were 

administered one dose of vehicle (1X PBS with 1% BSA) or one dose of recombinant Cxcl12 (100 

ng/mouse; PeproTech: 250-20A) dissolved in 1X PBS with 1% BSA for ten consecutive days via 

IP injection. For AMD 3100 experiments, mice were administered one dose of vehicle (1X PBS) 

or AMD 3100 (5mg/kg; ) dissolved in 1X PBS 4x/week for four weeks via IP injection. For CL316 

treatments, mice were administered one dose of vehicle (1X PBS) or one dose of Cl316 (1 mg/kg; 

17499 Cayman Chemicals) by IP for 24 or 168hrs.  

Metabolic cage analysis: Mice were singly housed in Promethion metabolic cages placed in an 

environmental chamber at 6am for 14 days with ad lib access to food (chow) and water. 

Environmental temperatures were set to 23oC for the first 7 days. Mice were removed from the 

cages at 6am on day 8 and environmental temperatures were decreased to 6oC.  After 
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environmental temperatures were achieved (2pm), mice were placed back into their respective 

cages for the duration of the study. Following the total 14 days, mice were removed for analysis. 

Body mass, water intake, food intake, oxygen consumption, carbon dioxide production, energy 

expenditure, energy balance, respiratory exchange ratio, locomotor activity, pedestrian 

locomotion, and total distance traveled in the cage were measured by CalR software. Data analysis 

was conducted using the web based indirect calorimetry software (256).  

Histological analysis: 

Tissues were dissected and immediately placed in 10% formalin (neutralized with 1X PBS) for 24 

hours. Tissues were processed using Thermo Scientific™ STP 120 Spin Tissue Processor with the 

following conditions: Bucket 1: 50% ethanol (45 minutes); Bucket 2: 70% ethanol (45 minutes) 

Bucket 3: 80% ethanol (45 minutes); Bucket 4 and 5: 95% ethanol (45 minutes); Bucket 6 and 7: 

100% ethanol (45 minutes); Bucket 8-10: Xylene Substitute (45 minutes); Bucket 11 and 12: 

paraffin (4 hours each). Tissues were embedded into cassettes using a Histostar™ embedding 

station. Tissues were refrigerated for at least 24 hours prior to sectioning. 8-12-micron tissue 

sections were generated using a HM-325 microtome using low profile blades. Sections were placed 

in a 40 ºC water bath and positioned on microscope slides. Microscope slides with tissue sections 

were baked overnight at 55 ºC in an oven. Slides were rehydrated using the following protocol: 

xylene (3 mins 3x), 100% reagent alcohol (1 min 2x); 95% reagent alcohol (1 min 2x); water (1 

min). Slides were stained in hematoxylin and eosin (H&E) staining for 2:30 minutes and 10 

repeated submerges, respectively. Slides were dehydrated in the reverse order as the rehydration 

steps. Coverslips were mounted with cryoseal 60 mounting media. Brighfield images were 

acquired using a lecia DMi8 inverted microscope system.  

Immunostaining: 
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Paraffin Sections: Slides were rehydrated using the following protocol: xylene (3 mins 3x), 100% 

reagent alcohol (1 min 2x); 95% reagent alcohol (1 min 2x); water (1 min). Slides were placed in 

an antigen retriever from Electron Microscopy Science (2100 Retriever). Antigen retrieval was 

performed using the 1x R-Buffer A solution (62706-10) at +120 ºC for 20 mins with a 2 hour cool 

down period. Sections were washed thrice with 1xTBS with a 5-minute incubation period between 

each wash. Slides were covered in 0.3% Sudan Black with 70% ethanol for 5 minutes, washed in 

1X TBS for 5 minutes (3x), and 0.3% Triton X-100 with 1X TBS. Slides were left in Triton X-

100 overnight to permeabilize. Slides were again washed with 1X TBS for 5 minutes and then 

blocked with 5% donkey serum for 30 minutes, washed with 1X TBS for 5 minutes and then 

enclosed with primary antibody in 1X TBS refrigerated overnight . The primary antibodies in this 

experiment are as follows: anti-Tubulin Beta 3 (1:200; 657404 BioLegend), goat anti-Perilipin 

(1:200; abcam: ab61682), rabbit anti-UCP1 (1:200; abcam: ab10983). Afterwards, the slides were 

washed with 1X TBS for 10 minutes and loaded with the appropriate secondary antibody from the 

following for 2 hours at RT: Texas Red donkey anti-rabbit (1:200; ThermoFisher Scientific: Alexa 

Fluor 568 A10042), 488 donkey anti-goat (1:200), Cy5 donkey anti-mouse (1:200; Jackson 

ImmunoResearch 715-175-150). For TH immunostaining, primary antibodies were refrigerated 

for 36 hours proceeded with a 1X TBS wash for 1 hour. Secondary antibodies were loaded onto 

the tissue for 4 hours at RT and washed with 1X TBS for 10 minutes. Tissues were exposed 0.1% 

Sudan Black in 70% ethanol for 5-10 minutes, washed with 1X TBS for 10 min (3x), and covered 

with 0.02% Tween20 in 1X TBS for 15 minutes(204, 209). At the end of staining, all slides were 

washed with 1X TBS for 10 minutes and stained with Hoescht in 1X TBS (1:1000; H3570; Life 

Technologies) for another 10 minutes. After another wash with 1X TBS for 5 minutes, slides were 
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mounted with Epredia™ Immu-Mount™ media and cover slipped. Snapshots of fluorescent 

images were obtained through a Leica DMi8 inverted microscope system. 

RNA Isolation and qPCR: ~200 mg of BAT or iWAT tissue from each mice sample was placed 

into Precellys tubes that included ceramic beads and 1mL of TRIzol (ABI). Samples were placed 

into a Precellys 24 Lysis and Homogenization machine (Bertin Tecnhnologies) to homogenize and 

set at 3 pulses at 4500 rpm (30 sec) with 30 second rest periods in between each pulse and final 

rest period of 4 minutes. When utilizing cells, TRIzol was directly placed into the culture dish. 

RNA was isolated from samples using chloroform extraction and isopropanol precipitation. The 

quality and concentrations of RNA were established through a TECAN Infinite F-Nano+ 

spectrophotometer. With these concentrations, each sample was transformed into cDNA utilizing 

a high-capacity RNA to cDNA kit (Life Technologies #4368813) and thermal cycler. The 

converted sample was diluted to 1:10 solution using molecular grade H2O for qPCR analysis. The 

diluted sample was then mixed with PowerUp™ SYBR™ Green Master Mix (Life Technologies 

A25742) and the necessary primer. Samples were placed into an Applied Biosystems 

QuantiStudio™ 3 Real-Time PCR system for qPCR analysis. The machine was set to collect data 

using the ΔΔ-CT method compared to the internal control Rn 18s. Each datum corresponds to a 

single mouse sample/culture and was executed in technical quadruplets.  

Western Blot/Immunoblotting: BAT samples were collected from mice and homogenized using 

200 µL RIPA Lysis Buffer. The appropriate standard curve and relative protein concentrations for 

samples were determined utilizing the protocol provided in a protein assay kit (Pierce™ BCA 

Protein Assay - ThermoScientific). Samples were then prepared based upon calculated protein 

concentrations with the appropriate ratios for SDS/DTT and lysis buffer. A 12% separating and 

stacking gel were constructed with a 10 well comb and allowed to solidify for 30 minutes before 
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loading. The solidified gel was placed into a Mini-PROTEAN Tetra Electrophoresis Cell chamber 

suspended in 1x running buffer. Prepared samples and protein ladder were maximally loaded into 

individual wells and allowed to run for 15-20 minutes at 90V followed by 120V for 2 hours. Gel 

was then transferred onto a nitrocellulose membrane sandwiched into a cassette containing filter 

papers and sponges. The cassette was immediately placed back into the gel chamber and 

submerged in fresh 1x transfer buffer and allowed to run overnight at 30V. The protein-containing 

membrane was removed and washed with 1x TBS-0.1% Tween20 (TBS-T) 3x for 5-10 minutes 

each time on a rocker. Membrane was then blocked with 5% BSA in 1X TBS-T for 1 hour, washed 

3x for 5-10 minutes in 1x TBS-T each and covered in the appropriate primary antibody with 

loading control overnight. The primary antibodies in this experiment are as follows: rabbit anti-

UCP1 (1:1000; abcam #ab10983); rabbit anti-tyrosine hydroxylase (1:1000; EMD Millipore: 

ab152); rabbit anti-beta-tubulin (1:1000; Cell Signaling: 15155); rabbit anti-GAPDH (1;1000; Cell 

Signaling: 2118). Membrane was washed again 4x in 1x TBS-T for 15 minutes each and covered 

in secondary antibody for 1 hour (1:10000; ThermoFisher Scientific: donkey anti-rabbit IgG (H+L) 

Cross-Adsorbed HRP 31458). Membrane was washed as previously mentioned and submerged in 

1:1 solution of SuperSignal™ West Pico PLUS Chemiluminescent Substrate (ThermoScientific: 

34580) for 2 minutes and then exposed utilizing a FlourChem E system (biotechne® 

proteinsimple). 

Tyrosine Hydroxlyase (TH) Quantification: Fiji ImageJ software was used to trace individual lines 

of tyrosine hydroxylase and measure the respective lengths for each sample. Scale length was 

adjusted based on known image dimensions (3.0667 pixels/µm). Traced TH neurons under 10 µm 

were excluded from data analysis.  

SV cell isolation: 
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WAT: Fat pads were removed and a pair of inguinal adipose depots from a single mouse were 

minced and placed in 10 ml of isolation buffer (0.1 M HEPES, 0.12 M NaCl, 50 mM KCl, 5 

mM D-glucose, 1.5% BSA, 1 mM CaCl2) supplemented with collagenase type I (10,000 units) and 

incubated in a 37ºC incubator with gentle agitation for ~1 hour (257). Serum free Dulbecco's 

Modified Eagle's Medium Nutrient Mixture F-12 Ham (Sigma, cat. no. D8900 and D6421) 

(DMEM/F12) media was added to the digested tissue and strained through a 100 µm cell strainer. 

Samples were spun (Eppendorf at 200 X g for 10 minutes. The supernatant was removed, and the 

pellet was resuspended in 10 ml of erythrocyte lysis buffer (155 mM NH4Cl, 10 mM KHCO3, 0.1 

mM EDTA). After a 5-minute incubation period, growth media (DMEM/F12 supplemented with 

10% fetal bovine serum (FBS) was added, mixed, and strained through a 40 µm cell strainer. 

Samples were then spun at 200 X g for 5 minutes. Supernatant was removed and the cell pellet 

was resuspended growth media and cells were plated. After ~12 hours, growth media was removed 

and replenished. 

BAT: Mice were dissected and SV cells were isolated from brown fat lobes. Briefly, tissue was 

minced and digested for half an hour with vortexing every ten minutes in 5 ml isolation buffer 

containing collagenase II ( 50,000 units) at 37°C. 5 ml DMEM/F12 was then added and the 

suspension filtered through a 70 µm basket. Suspension was then spun at 200 x G for 10 minutes 

and the supernatant aspirated off. The pellet was then resuspended in 10 ml erythrocyte lysis buffer 

(155 mMNH4Cl, 10 mMKHCO3, 0.1 496mM EDTA) for 5 minutes. 15 ml of DMEM/F12 

supplemented with 10% FBS was added, the suspension filtered through a 40 µm basket, and spun 

at 200 x G for 5 minutes. Isolated SV cells were resuspended and cultured in DMEM/F12 

supplemented with 10% FBS. The following day, growth media was removed and replenished.  

Adipogenesis: 
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White adipogenesis: Isolated SV cells were grown to confluency. Two days post confluency white 

adipogenic media one (DMEM/F12 supplemented with 5% FBS 10 µg/ml insulin, 1µM 

Dexamethasone, 250 µM 3-Isobutyl-1-methylxanthine) for 48 hours. At 48 hours, white 

adipogenic media one was removed and replaced with white adipogenic media two (DMEM/F12 

supplemented with 10% FBS, 10 ug/ml insulin) was added for 120 hours but replaced every 48 

hours. Differentiation was assessed by LipidTox™ staining and mRNA expression. 

Brown adipogenesis: Isolated SV cells were grown to confluency. Two days post confluency beige 

adipogenic media one (DMEM/F12 supplemented with 5% FBS 10 µg/ml insulin, 1µM 

Dexamethasone, 250 µM 3-Isobutyl-1-methylxanthine, 2 nM Triiodothyronine (T3); 250 nM 

Indomethycin) for 48 hours. At 48 hours, beige adipogenic media one was removed and replaced 

with beige adipogenic media two (DMEM/F12 supplemented with 10% FBS 10 ug/ml insulin, 2 

nM T3) was added for 120 hours but replaced every 48 hours. Differentiation was assessed by 

LipidTox™ staining and mRNA expression.   

LipidTox staining: At the end of differentiation, media was aspirated, and adipocytes were fixed 

with 4% paraformaldehyde for 45 minutes. Adipocytes were washed thrice with 1xTBS with a 5-

minute incubation between each wash. Adipocytes were permeabilized using 0.3% TritonX-100 

in 1XTBS for 30 minutes. Adipocytes were washed as previously described. Adipocytes were 

incubated with either HSC LipidTox-green or HSC LipidTox-deep red at 1/1000 in 1xTBS. 

Adipocytes were then washed twice with 1xTBS with a 3-minute incubation between each wash. 

Adipocytes were then stained with Hoechst (1 μg/ml in 1XTBS) for 10 minutes. Adipocytes were 

washed twice with 1xTBS with a 3-minute incubation between each wash. Fluorescent images 

were collected on a Leica DMi8 inverted microscope system. 
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Flow Cytometry: White and brown adipose SV cells were isolated as previously described. Cells 

were resuspended in 1X PBS. Cells were then pelleted (200 x G for 10 minutes) and resuspended 

in 0.3-0.5 ml of FACS buffer (2.5% horse serum; 2 mM EDTA in 1xPBS with 1X phosphatase 

inhibitor cocktail) and pipetted through 5 ml cell-strainer capped FACS tube (BD Falcon). Cell 

sorting was performed on a BD Biosciences FACS Aria Fusion. Cells were analyzed on a Thermo-

Fisher Attune NxT cytometry. Viable cells were gated by singlet forward and side scatter pattern 

and GFP+ and RFP+ viable cells were either analyzed or sorted. Alternatively, cells were stained 

for CD45 (1:200; 103151 Biolegend), CD301 (1:200 145705 Biolegend), Cxcr4 (1:200; 146507 

Biolegend), or CD68 (1:200 137003 Biolegend) antibodies and analyzed for their respective 

conjugated fluorophore. 
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3.1. Abstract: 
 

White adipose tissue (WAT) plays a myriad of roles in the body such as the regulation of 

metabolism and reproduction. Formed throughout the lifecycle, adipocytes are thought to take up 

residency in their respective fat pad through CXCL12/CXCR4 homing. Once migrated to the fat 

pads, physiological regulators such as estrogen are then responsible for adipocyte function such as 

lipid accumulation and lipolysis. However, we have found another potential role of CXCR4 within 

the adipocyte. Here we show that deletion of CXCR4 within the adipocyte lineage impairs 

adipocyte differentiation in females, but not males. Additionally, high fat diet studies failed to 

induce hypertrophic WAT expansion in females lacking CXCR4 within the adipose lineage. In 

vitro studies showed a complete lack of adipogenesis in CXCR4-deficient female cells, though the 

addition of an estrogen inhibitor yielded a full recovery. Supporting these findings, in vitro studies 

mailto:dcb37@cornell.edu
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using CXCR4-deficient male cells displayed the same phenotype when treated with estrogen. In 

vivo ovariectomy studies using CXCR4-deficient female mice showed a full recovery on 

adipogenesis. This sexually dimorphic phenotype suggests that while estrogen is controlling 

adipogenesis, CXCR4 is playing a role in the regulation of estrogen signaling. Overall, our studies 

suggest that targeting CXCR4 could be a new therapy to combat WAT expansion in women. 

3.2. Introduction: 
 

Obesity can give rise to a host of metabolic disorders such as type 2 diabetes, 

cardiovascular disease, atherosclerosis, and certain types of cancer (258). At the crux of metabolic 

imbalance is the uncontrolled pathophysiological expansion of WAT. WAT expansion occurs 

either through hypertrophy (enlarged adipocytes) or hyperplasia (increased number of adipocytes) 

(94, 259). Hypertrophy has been deemed as metabolically unhealthy due to hypoxia (78), fibrosis, 

chronic inflammation (260), and insulin resistance (261, 262). Hyperplasia, on the other hand, is 

considered to be metabolically healthy. Multiple studies have shown that obese individuals with 

higher proportions of small adipocytes are insulin sensitive while exhibiting normal metabolic 

parameters (263, 264). By causing adiposity to develop through hyperplasia, many complications 

such as type 2 diabetes and metabolic syndrome may be alleviated due to reduced inflammation 

(265). Increasing the number of adipocytes for hyperplastic tissue expansion can only be 

accomplished through the activation of the stem cell compartment. However, other factors such as 

location of the adipose tissue also play a role in metabolic health.  

Anatomical location of WAT is a clear determinate of metabolic health in obesity as intra-

abdominal accumulation, visceral fat, leads to significant risk of developing metabolic disease due 

to hypertrophic inflammation (266). However, expansion via subcutaneous fat happens via 

hyperplasia and plays a protective role against trauma and cold (267, 268). Men typically store fat 
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in the viscera, which puts them at a greater risk for type 2 diabetes and coronary artery disease 

(269). Women have a higher percentage of body fat than men but it tends to be positioned, 

anatomically, in the hips and thighs as subcutaneous fat (270) as estrogen is thought to increase 

subcutaneous depots (271). However, menopause, which is characterized by ovarian inactivity, 

decreases estrogen levels which yields more visceral adiposity. This places post-menopausal 

women at a greater risk for the same ailments that obese men face (272-274), as the decrease in 

estrogen allows for redistribution of body fat and metabolic dysregulation (123). The question then 

becomes how to stimulate hyperplastic adipose tissue growth. Though the answer is multifaceted, 

the crux of hyperplasia is the stem cell compartment. 

Stem cells reside in specialized microenvironments throughout the body which modulate 

tissue maintenance and function. These microenvironments, termed the stem cell niche, 

communicate with the resident stem cells through signaling pathways causing proliferation, 

migration, chemotaxis, and differentiation. While many have been identified, specific pathways 

such as vascular endothelial growth factor (Vegf), platelet derived growth factor (Pdgf), and the 

chemokine CXCL12 pathways have been of heightened interest due to their cellular responses (90, 

94, 275, 276). While pathways such as Vegf and Pdgf are responsible for fate determination, 

maintenance, and function (277), CXCL12 has been of interest due to its ability to induce cellular 

chemotaxis (278). Initially identified as a pre-B cell growth-stimulating factor, CXCL12 functions 

in the recruitment of vascular progenitor cells from bone-marrow to neoangiogenic locations 

through its G protein-coupled receptor C-X-C chemokine receptor 4 (CXCR4) (165, 279). 

Previous research has suggested that the CXCL12/CXCR4 pathway also plays a role in adipose 

tissue biology (178). Due to these findings, it could be postulated that the CXCL12/CXCR4 

signaling pathway is also responsible for recruitment of APCs to fat pads. However, each tissue is 
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different, and these organ-specific interactions have just begun to be explored in adipose tissue 

biology.    

By communicating with the stem cell compartment, the niche is ultimately responsible for 

the homeostasis and the organ-specific function of the tissue (280-282). Stem cells have been 

extensively characterized in various tissues such as blood and skin (283). Understanding the stem 

cell progression into progenitors (committed to differentiation) and, ultimately terminally 

differentiated cells, leads to direct testing of cells in response to injury, diseases, regeneration, and 

so on (284). WAT has been shown to generate new adipocytes in both homeostatic and obesogenic 

conditions via the stem/progenitor cell compartment, mirroring the classical stem cell examples 

(285). Residing along the vasculature within the WAT, APCs appear to resemble smooth muscle 

cells, express a bevy of smooth muscle genes (69), and can be marked by several smooth muscle 

cell genetic tools (-SMA, PDGFR). These cells can be further delineated based on their 

expression of the master regulator of adipogenesis, peroxisome proliferator activated receptor 

gamma (PPAR) (54, 286, 287). However, beyond their discovery much remains unknown about 

the cellular signaling pathways regulating their adipogenic trajectory. The limited knowledge of 

characterization within the adipose lineage represents a major hurdle when understanding 

metabolic issues such as obesity and diabetes. Discovering these characteristics will yield insight 

to both maintenance and repair within adipose tissue as well as clinical potential regarding targeted 

therapy for reduction of adiposity in an obesogenic state.  

Responsible for cellular chemotaxis, CXCL12 and its cell surface receptor CXCR4 are 

ideal for investigation to uncover adipose tissue niche signaling. Our data suggests that CXCL12 

is secreted by the niche, which then causes a signaling cascade within the adipocyte through 

CXCR4. By using genetic and pharmacological necessity tests, we have identified that CXCR4 
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plays a critical role in female adipogenesis as CXCR4-KO (mutant) mice show a drastic reduction 

of adiposity, upwards of 70%. Male mice, on the other hand, have minimal reductions in adiposity 

with the deletion of CXCR4. Interestingly, CXCR4-deficient female mice cannot be 

adipogenically rescued with a high-fat diet (60% kcal from fat). Furthermore, in vitro adipogenesis 

has identified that mutant cells are not only more sensitive to estrogen but can overcome 

lipodystrophy when given estrogen receptor inhibitors. This sexual dimorphism suggests that 

estrogen receptor (Esr1) transcriptional activation in conjunction with the CXCL12/CXCR4 

signaling pathway is playing a major role in adipogenic potential. 

 

3.3. Results: 
 
CXCL12/CXCR4 expression in adipocytes. 

 
Adult APCs reside on the vasculature within the niche after WAT development and bud 

off to form adipocytes around postnatal day 30 (69). To identify factors mediating vascular homing 

and niche residence, our studies focused on CXCL12/CXCR4 signaling. Previous research focused on the 

hematopoietic stem cell model pointed to the CXCL12/CXCR4 pathway being responsible for niche 

retention, which fueled this idea. Our genetic studies of APCs demonstrated enrichment of CXCR4 while 

CXCL12 was expressed in the surrounding niche. APCs were FACs isolated from the adipose lineage 

tracking model, AdipoTrak. This genetic system incorporates a PPAR-tTA knock-in allele along with 

inducible marking and tracking tools such as TRE-H2B-GFP allowing for lineage tracing and APC 

dynamics. We first assessed CXCR4 mRNA expression which was found to be enriched in both 

subcutaneous and visceral APC populations as well as mature adipocytes, but not in the surrounding stroma. 

It appears that anatomical location of the fat pads plays a role in CXCR4 enrichment as visceral APCs had 

an eight-fold increase in expression when compared to subcutaneous APCs. However, CXCL12 mRNA 

expression was only enriched in the non-GFP cells, and wasn’t detected in mature adipocytes, indicating 

that the adipose lineage is not producing CXCL12. Previously, we showed that CXCL12 was not expressed 
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in the adipocyte lineage through the AT-CXCL12-dsRed mouse model, thus confirming these findings. We 

further validated these findings through immunostaining adipose tissue as co-localization of CXCL12 and 

the adipocyte marker, perilipin, was not observable. In vitro models further support these findings as 

CXCR4 mRNA expression increased while CXCL12 decreased when cells were given adipogenic 

induction media. Furthermore, antibody staining of in vitro differentiated adipocytes confirmed CXCR4 

positivity. These findings suggest that while CXCR4 is expressed in the adipose lineage, CXCL12 is being 

expressed in the surrounding tissues, maintaining adipocyte residency, and decreasing ectopic lipid 

distribution. 
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Figure 16: CXCL12/CXCR4 expression in adipocytes. A) Experimental schema: At P60, SV and 

mature adipocytes were removed and mRNA expression was measured for CXCL12 and CXCR4. 

B) Depot mRNA expression for CXCL12 and CXCR4 was measured from mice described in (A). 

C) mRNA expression of CXCL12 and CXCR4 was measured on FACs sorted SV cells and mature 

adipocytes. D) FACs analysis on SV cells expressing GFP (PPAR+) and/or dsRed (CXCL12+). 

E) Immunostaining in vitro adipocytes against perilipin (lipids) shown in blue and CXCR4 shown 

in red. F) mRNA expression of CXCL12 and CXCR4 in vitro throughout APC adipogenesis to 

mature adipocytes. G) Representative images of GFP and dsRed colocalization within perilipin 

immunostained iWAT depots. Hoechst was used to visualize nuclei. H) Representative images of 
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GFP and dsRed colocalization within CD31 (vascular) immunostained iWAT depots. Hoechst was 

used to visualize nuclei.   
 

CXCR4 deletion impairs adipogenic expansion of WAT 

In order to further probe the role of the CXCL12/CXCR4 signaling pathway in the adipose 

lineage, we next aimed to delete CXCR4 within APCs and, consequently, mature adipocytes. To 

address this, we combined a CXCR4fl/fl conditional mouse model with the AdipoTrak (PPAR-

tTA; TRE-Cre; TRE-H2B-GFP) system to generate AT-CXCR4-KO mice. Adipose tissue 

development appeared normal in both male and female mice. However, by sexual maturity 

(postnatal day 60), male mice had approximately 10-20% reduction in fat content while female 

mice saw a 50-70% reduction in fat mass. Interestingly, this loss of adiposity did not correlate with 

impaired insulin sensitivity as glucose tolerance testing did not show significant changes between 

control and mutant mice, regardless of sex. Furthermore, food intake nor APC population did not 

vary between controls and mutants, regardless of sex. Female mice did not demonstrate hepatic 

steatosis, as assessed by tissue weight and hematoxylin and eosin (H&E) staining. H&E staining 

of WAT did reveal disrupted adipose tissue architecture and hypertrophic adipocytes in males. 

Female mice WAT, on the other hand, showed a complete lack of adipocytes as the tissue was 

engulfed with fibrotic tissue, as assessed by Sirius red staining. Additionally, mRNA analysis of 

female WAT demonstrated reduced adipogenic genes with an increase in fibrotic and 

inflammatory markers. To confirm these findings of a reduced adipogenic potential, stromal 

vascular (SV) cells were isolated from control and mutant female mice and cultured in adipogenic 

media. While female control cells differentiated into mature adipocytes, female mutant cells failed 

to undergo adipogenesis as assessed by lipid staining and mRNA analysis of adipocyte markers. 
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Figure 17: CXCR4 is crucial for homeostasis of female WAT. A) Representative images of male 

subcutaneous and visceral fat depots from AT-Control and AT-CXCR4-KO mice at P60. B) 

Representative images of H&E staining of subcutaneous and visceral fat depot sections from mice 

described in (A) C) Representative images of H&E staining of liver from mice described in (A). 

D) Body weight from mice described in (A). E) Individual adipose depot weights from mice 

described in (A). F) Glucose tolerance tests from mice described in (A). G) Food intake levels over 

1 week from mice described in (A). H) Comparative percentage of APCs (GFP+) in both SQ and 
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VIS from mice described in (A).  I) Representative images of female subcutaneous and visceral fat 

depots from AT-Control and AT-CXCR4-KO mice at P60. J) Representative images of H&E 

staining of subcutaneous and visceral fat depot sections from mice described in (I) K) 

Representative images of H&E staining of liver from mice described in (I). L) Body weight from 

mice described in (I) M) Individual adipose depot weights from mice described in (I). N) Individual 

organ weights from mice described in (I). O) Glucose tolerance tests from mice described in (I). 

P) Food intake levels over 1 week from mice described in (I). Q) Comparative percentage of APCs 

(GFP+) in both SQ and VIS from mice described in (I). 
 

Obesogenic conditions fail to restore adipogenesis in AT-CXCR4-KO females  

APCs can be stressed into forming adipocytes through administering a high-fat diet (HFD). 

Therefore, we sought to challenge CXCR4-deficient APCs by feeding adult (postnatal day 60) 

control and mutant mice a HFD for 12 weeks to identify if CXCR4 is required for in vivo 

adipogenic induction. Control male mice increased in adiposity and decreased insulin sensitivity 

as expected, and mutant male mice increased fat mass to equal that of the HFD control males. Both 

control and mutant males exhibited similar glucose sensitivity impairment, adipose tissue weight, 

adipose tissue histology, and adipocyte marker expression. However, female mice saw strikingly 

different results. Mutant female mice resisted HFD-induced adipogenesis and maintained their 

lipodystrophic phenotype. Histological staining of WAT in the female mutant HFD mice showed 

the same lack of adipose tissue with fibrotic replacement as seen in the female mutant mice fed a 

chow diet. Additionally, mRNA analysis from female mutant WAT showed a lack of adipocyte 

and endothelial blood vessel markers while demonstrating an increase in inflammatory genes when 

compared with their female control HFD counterparts. These data suggest that CXCL12/CXCR4 

signaling is critical for female-induced fat mass accumulation. 
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Figure 18: HFD does not recover phenotype in CXCR4-deficient female WAT. A) Experimental 

schema: Female AT-Control and AT-CXCR4-KO mice were dox suppressed from conception until 

P60. At P60, mice were placed on HFD for 12 weeks before analysis. B) Body weight upon analysis 

from mice described in (A). C) Glucose tolerance tests from mice described in (A). D) Serum 

glycerol levels from mice described in (A). E) Representative images of female subcutaneous and 

visceral fat depots from AT-Control and AT-CXCR4-KO mice at time of analysis (P145). F) 
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Individual adipose depot weights from mice described in (A). G) Individual organ weights from 

mice described in (A). H) Representative images of H&E staining of subcutaneous and visceral 

fat depot sections from mice described in (A) I) Representative images of Sirius red (fibrotic) 

staining of subcutaneous and visceral fat depot sections from mice described in (A). J) 

Representative images of H&E staining of liver sections from mice described in (A). K) Relative 

mRNA levels of inflammation from mice described in (A). 
 

Adipogenic failure in females is due to the deletion of CXCR4 in the adult APC population 

We then hypothesized that WAT integrity might be compromised resulting in an impaired 

adipogenic action. Due to adipose tissue development normality in both male and female controls 

and mutants, we aimed to induce CXCR4 deletion solely within the adult APC population. By 

utilizing the AT system, we doxycycline-suppressed control and mutant mice from conception 

until postnatal day 30. We then removed doxycycline (Dox) and examined fat content and glucose 

sensitivity 6 weeks later. Upon examination, male mice exhibited little difference between adipose 

tissue mass and glucose sensitivity. Histological analysis of male control and mutant mice showed 

normal adipose tissue architecture and gene expression. While female controls followed a similar 

phenotype to the males, female mutant mice revealed a stagnation in fat content. Interestingly, 

there was no difference in glucose sensitivity between female control and mutant mice. To validate 

these findings, we specifically challenged the adult APC population by doxycycline-suppressing 

the CXCR4 deletion until postnatal day 60, followed by HFD for 6 weeks. Female control mice 

saw an increase in fat content and a decrease in glucose sensitivity. However, female mutant mice 

resisted weight gain, though the tissue did not exhibit excessive fibrosis as with previous 

experiments. These findings suggested that deletion of CXCR4 within the female adult APC 

population results in stunted adipogenesis. Furthermore, this sexually dimorphic phenotype 

suggests that the CXCL12/CXCR4 signaling pathway is regulating female sex steroid action on 

adipogenesis. 
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Figure 19: CXCR4 deletion within the adult APC population results in adipogenic blockade. A) 

Experimental schema: Male AT-Control and AT-CXCR4-KO mice were dox suppressed from 

conception until P60. At P60, mice were placed on HFD or chow for an additional 6 weeks. B) 

Representative images of subcutaneous fat depots from mice described in (A). C) Representative 

images of visceral fat depots from mice described in (A). D) Body weight at time of analysis from 

mice described in (A). E) Glucose tolerance tests 1 day prior to analysis on mice described in (A). 

F) Individual adipose depot weights from mice described in (A). G) Experimental schema: Female 
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AT-Control and AT-CXCR4-KO mice were dox suppressed from conception until P60. At P60, 

mice were placed on HFD or chow for an additional 6 weeks. H) Representative images of 

subcutaneous fat depots from mice described in (G) I) Representative images of visceral fat depots 

from mice described in (G) J) Body weight at time of analysis from mice described in (G). K) 

Glucose tolerance tests 1 day prior to analysis on mice described in (G). L) Individual adipose 

depot weights from mice described in (G). 
 

Estrogen inhibits adipogenesis in WAT 

To identify potential differences of sex steroid levels between sexually mature female 

mutant and control adipose tissue, mRNA expression of both Esr1 and Esr2 along with g-protein 

estrogen receptor-1 was measured revealing that only Esr1 was upregulated in the absence of 

CXCR4. To validate these findings, SV cells from WAT were isolated and plated in adipogenic 

media for 48 hours then stained for estrogen receptor 1 (Esr1) in order to visually identify 

regulatory changes caused by the presence or absence of CXCR4. In accordance with mRNA data, 

female mutant cells showed an increase in Esr1 mRNA expression when compared to the female 

control cells. To assess the impact of increased Esr1 on adipogenic potential, sexually mature 

female control and mutant SV cells were isolated, plated in adipogenic media, and given the Esr1 

inhibitor fulvestrant throughout differentiation. The control SV cells showed no differences in 

adipogenesis, with or without Esr1 inhibition. However, the mutant SV cells demonstrated normal 

adipogenic potential with Esr1 inhibition as they mirrored control cells. These data suggest that 

Esr1 is inhibiting adipogenesis and that the CXCL12/CXCR4 pathway is potentially regulating 

Esr1 activity. To validate these findings, SV cells were isolated from sexually mature male control 

and mutant mice. The cells, once plated and confluent, were given 17-estradiol at various 

concentrations throughout differentiation. While both control and mutant cells given a vehicle 

demonstrated typical adipogenesis, the administration of 17-estradiol showed hindered 

adipogenesis in mutants at all concentrations. These findings suggested that cells deficient in 

CXCR4 have an increased sensitivity to estradiol. 
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Figure 20: CXCR4-deficient APCs are sensitive to estrogen-induced adipogenic blockade. A) 

Experimental schema: At P60, SV cells from female AT-Control and AT-CXCR4-KO mice were 

removed and mRNA expression was measured for Esr1, Esr2, and GPER1. B) SV cells from mice 

described in (A) were cultured and immunostained for ER. C) At P60, both male and female SV 
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cells were isolated from AT-Control and AT-CXCR4-KO mice. After confluent, they were stained 

for lipids to identify adipocytes and Hoechst to identify all nuclei (cells) in the field of view. D) At 

P60, SV cells were isolated from male AT-Control and AT-CXCR4-KO mice. During 

differentiation, the cells were treated with estradiol at various concentrations daily until terminally 

differentiated. E) At P60, SV cells were isolated from female AT-Control and AT-CXCR4-KO mice. 

During differentiation, the cells were treated with the anti-estrogen compound fulvestrant daily 

until terminally differentiated. F) At P60, SV cells were isolated from male AT-Control and AT-

CXCR4-KO mice. During differentiation, the cells were treated with the anti-estrogen compound 

fulvestrant daily until terminally differentiated. 
 

Estrogen depletion by ovariectomies restores WAT expansion in mutant female mice 
 

To explore Esr1’s ability to inhibit adipogenesis we turned to our mouse model. 

Ovariectomy surgeries were performed on control and mutant female mice to block Esr1 activity 

through E2 hinderance. While removal of ovaries does not reduce circulating E2 levels to zero, it 

has been shown to diminish circulating E2 by 98% in rodents (288). Therefore, ovariectomies are 

a prime surgical target for studying the effects of E2 and Esr1 on all tissues including, in our case, 

WAT. Once the surgeries were completed, the mice were aged for 30 days to allow phenotypic 

results to take place, as hyperplasia and rapid weight gain associated with ovariectomies takes 

place for approximately one month before WAT expansion is maintained (289, 290). Upon 

analysis, sham controls and mutants saw the same phenotypic results as seen in Figure 17. 

Ovariectomized controls had significant tissue expansion, as expected when comparing to well-

established research (123, 291). However, ovariectomized mutants saw a robust increase in WAT 

as they surpassed both sham controls and mutants. In fact, the ovariectomized mutant WAT 

expanded to the size of the ovariectomized controls, indicating a full recovery. To further 

investigate these findings, histological examination was conducted which indicated that 

ovariectomized mutant WAT expanded through hyperplasia while ovariectomized control WAT 

underwent hypertrophy. These findings suggest that mutant WAT underwent adipogenesis due to 

the absence of E2, indicating that Esr1 is stopping adipogenesis.  
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Figure 21: Estrogen depletion by ovariectomies restores WAT expansion in CXCR4-deleted female 

WAT. A) Experimental schema: Female AT-Control and AT-CXCR4-KO mice were maintained 

until P60. At P60, these mice underwent either ovariectomy or sham surgeries and were allowed 

30 days before analysis (P90). B) Representative images of visceral fat pads described in (A). C) 

Individual adipose depot weights from mice described in (A). Percentage of relative frequency and 

adipocyte number in mice described in (A). E) Representative images of H&E staining of mice 

described in (A). 
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3.4. Discussion: 
 

Obesity and its associated metabolic diseases such as type 2 diabetes and coronary heart 

disease are leading health problems around the world (292-296). Interestingly, body fat 

distribution plays a major role in determining metabolic health and is linked to sex (297). While 

males tend to accumulate body fat in the viscera, females accumulate body fat in the waist, hips, 

and buttocks (116). Due to visceral adiposity, males are at a higher risk for metabolic imbalance 

and develop obesity-related comorbidities such as non-alcoholic fatty liver disease. However, the 

depletion of circulating estrogen in post-menopausal women causes a body fat distribution shift 

resulting in increased visceral adiposity, increasing their risk for metabolic dysfunction (298). 

Beyond our understanding of sex steroid-induced body fat distribution much remains unknown 

regarding factors influencing body fat placement. Here we identified that the stromal-derived 

factor CXCL12 influences CXCR4 signaling in APCs and adipocytes to regulate ER activity. The 

presence of CXCL12/CXCR4 signaling represses ER transcriptional activity, thus promoting 

adipogenic action. Alternatively, the absence of CXCL12/CXCR signaling increases ER 

transcriptional activity leading to a reduction in APC differentiation and mature adipocytes. 

 Regulating healthy WAT expansion is dependent on APC differentiation and migration to 

the fat pad. The CXCL12/CXCR4 signaling axis has been demonstrated to mediate this process 

through both in vivo and in vitro studies (177, 299). Once WAT residency has been acquired, 

adipose tissue maintenance is mediated by sex steroids (300). However, the influence of CXCR4 

signaling on estrogenic responses remains elusive. Our data shows for the first time that CXCR4 

regulates estrogen’s antiadipogenic role within WAT. 

The CXCL12/CXCR4 signaling pathway has been shown to be of upmost importance in 

stem/progenitor migration and chemotaxis. As the sole ligand for CXCR4, CXCL12 is produced 
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by many cell types to induce stem/progenitor mobilization for repair, maintenance, and 

development of tissues. Often produced by the stem cell niche, CXCL12 has been reported to be 

produced by adipocytes themselves, thus resulting in APC migration to the fat pad and hyperplastic 

WAT growth (179). However, here we showed that while CXCR4 is enriched in APCs, CXCL12 

is not being expressed in the adipose lineage. This difference could be due to adipocyte isolation 

techniques or cellular contaminants interfering with expression profiles. Our data suggests that 

endothelial cells secrete CXCL12, though the primary source of WAT CXCL12 remains to be 

determined. We further showed that while CXCR4 is being expressed by APCs and mature 

adipocytes, CXCL12 expression is observed within the surrounding tissues, thus anchoring 

adipocytes to the fat pads. These findings are supported through previous studies showing ablation 

of CXCR4 within the adipose lineage results in ectopic lipid deposition within skeletal muscle 

(178). However, the roles of CXCR4 in the adipose lineage have yet to be fully explored beyond 

cellular homing. 

G coupled-protein receptor crosstalk with estrogen has been identified through the Gi 

protein/Src/PI3K pathway (182). In breast cancer, Esr1 activates the CXCR4 pathway and 

regulates CXCL12 expression (183, 301). While these findings suggest a synergistic relationship 

between CXCR4 and Esr1, no clear findings have surfaced within adipose tissue. For the first time, 

we have found that CXCR4 activity acts as a sex-dependent regulator of adiposity. Our findings 

show that deletion of CXCR4 in adipose lineage causes lipodystrophy in females but not in males. 

Looking exclusively at females, it appears that CXCR4 is indeed responsible for APC migration 

as adipocytes are unable to take up residency in the fat pad. This idea can be further supported 

through the use of HFD feedings and the inability for APCs to be forced into adipogenesis. 

However, these findings are subject only to sexually mature females. As CXCR4 deletion does not 
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produce similar lipodystrophic results in male populations nor the developmental WAT population 

in either sex, sex steroids must be playing a role. This notion was the validated through 

upregulation of Esr1 expression in CXCR4-deficient female SV cells. Furthering these findings, 

deletion of CXCR4 in either sex resulted in an increased sensitivity to estradiol-mediated 

adipogenic inhibition while depleting circulating estrogen levels through ovariectomies restores 

adiposity in CXCR4-deficient female mice. This indicates that estrogen is negatively affecting 

adipogenesis and ablation of estrogen results in expansion of fat pads. Furthermore, CXCR4 is 

playing a regulating role in estrogen’s influence on adipogenesis. Through these findings, we 

found that CXCR4 signaling blocks estrogen receptor activity to promote adipocyte 

differentiation. 

The results of the present study show that deletion of CXCR4 in female mice leads to a 

depletion of adipose tissue accompanied by fibrotic tissue, macrophage infiltration, and 

upregulation of Esr1 signaling. These data provide a rationale for the function of CXCR4 in 

regulating energy balance through Esr1 suppression within the adipocyte and suggest that CXCR4 

could be a potential target for combating obesity in premenopausal women.  

CXCR4 is only part of the equation. Identifying CXCR4’s ligand, CXCL12, is critical for 

understanding the signaling axis. We have identified CXCL12 expression to be taking place in 

CD31+ endothelial cells, but what signals are stimulating CXCL12 expression in these cells? Does 

this signaling pathway play a role in beige fat development? If so, what critical signals are 

determining CXCL12 release and CXCR4 activation? While studies in other tissues such as the 

hematopoietic field have demonstrated that CXCL12 is being expressed in multiple cell types, 

adipose tissue CXCL12 expression is undefined.  Furthermore, is CXCL12 expression within 
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adipose tissue occurring in a sex-dependent manner? With many questions to be answered, the 

study of adipose tissue biology is not finished yet.  

3.5. Limitations: 
 

A limitation to our study is the incomplete mechanistic understanding of how CXCR4 is 

regulating ER transcriptional activity. Our studies demonstrate CXCR4’s influence to negatively 

control ER’s ability to regulate adipogenic action. However, CXCR4 and ER have been shown to 

cooperate in a positive feedback loop driving oncogenic activity in breast cancer. Additionally, 

our studies do not distinguish between G-protein estrogenic receptor (GPER) and nuclear ER 

activity. Both activated by estrogen, GPER has non-genomic functions and responds to ligand 

activation within minutes while ER acts on gene transcription. Our studies do not examine which 

ER is at play, which in itself could provide novel ideas regarding estrogen’s control over adiposity. 
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3.6. Materials and Methods: 
 
Materials. For cell culture experimentation: High glucose Dulbecco’s Modified Eagle Media 

(Sigma) and Ham’s F-12 Nutrient Mixture (Gibco) (DMEM/F12); L-Glutamine 200mM, Pen 

Strep, Sodium Pyruvate 100mM (Gibco); Fetal bovine serum (Corning), Collagenase (Roche 
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Diagnostics GmbH), Fulvestrant (Sigma), Insulin (Sigma), IBMX (Sigma), Dexamethasone 

(Sigma), Doxycycline (Cayman), Tamoxifen (Cayman), 17 Estradiol (Cayman), Imatinib 

(Cayman), Rosiglitazone (Cayman), Forskolin (Cayman), and Trizol Reagent (Ambion). Tissues 

were processed for embedding using a ThermoScientific STP120 tissue processor and 

Thermoscientific HistoStar imbedding station before sectioning using a ThermoScientific HM325 

Microtome. Reagents for H&E staining consisted of alcohols (Fisher Brand, HistoPrep, 95% and 

100%), xylene (ThermoScientific), and Gill 2 Hematoxylin and Eosin (Epredia). Primary 

antibodies for immunostaining at 1:200 dilutions: PECAM-1 (CD31) rat anti-mouse (BD 

Pharmingen), Anti-Estrogen Receptor alpha rabbit monoclonal antibody [E115] (abcam), Anti-

Parilipin-1 goat polyclonal (abcam), Anti-UCP1 rabbit polyclonal (abcam), Anti-GFP chicken 

polyclonal (abcam), and CXCR4 rabbit polyclonal (ThermoFisher Scientific). Secondary 

antibodies at 1:200 dilutions from Jackson ImmunoResearch Laboratories: Cy3-conjugated 

Donkey Anti-Rabbit IgG, Cy3-conjugated Donkey Anti-Mouse IgG, Cy5-conjugated Donkey 

Anti-Mouse IgG, Cy5-conjugated Donkey Anti-Rat IgG, Cy5-conjugated Donkey Anti-Goat IgG, 

Alexa Fluor 488-conjugated Donkey Anti-Rabbit IgG, and Alexa Fluor 488-conjugated Donkey 

Anti-Chicken IgG. LipidTox staining was performed at 1:500 dilution (Invitrogen). Microscopes 

used for imaging were Leica DMi8 and Leica M205 FA. Gene expression was conducted using a 

RT-qPCR (ThermoScientific Applied BioSystems, QuantStudio3) and a thermocycler (BioRad 

T100 Thermal Cycler). Mice were given one of the following diets: High fat diet (Research Diets, 

60% kcal from fat), Doxycycline diet (Bio-Serv, 600mg/kg), or standard chow diet (Envigo, 5.8% 

fat). 

Animals. The PPAR-tTA and TRE-Cre mouse models were purchased from Jackson 

Laboratories. Mice were crossed and recombined mice were mated with TRE-H2B-GFP mice 
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generously provided by Dr. Todrita Tumbar. The three allelic combination creates the AdipoTrak 

mouse model. AdipoTrak offspring were intermated for three generations before being combined 

with the CXCR4fl/fl conditional mouse model purchased from Jackson Laboratories. Offspring 

were intercrossed for three generations prior to experimentation. Mice were housed in a 14:10 

light:dark cycle and chow (19.1% protein, 5.8% fat, and 4.3% carbohydrates) and water were 

provided ad libitum. For high fat diet (60% fat), mice were fed chow until P60 then given HFD ad 

libitum until analysis. To suppress genetic deletion, mice were fed doxycycline food during mating 

and the offspring continued doxycycline food consumption until the appropriate timeframe where 

they then received either chow or HFD food until analysis. To assess food intake, mice were singly 

housed and given a set weight of food which was then measured daily. 

Glucose Tolerance Testing. Mice were placed in omega bedding and fasted for 6 hours before 

administering a glucose tolerance test. In short, a 0.69 molar glucose solution was made using 

1xPBS. After fasting, baseline glucose levels were measured before IP glucose injection of 1.25 

milligrams of glucose per gram of body weight. Blood glucose levels were then measured every 

15 minutes for the first hour followed by 30-minute measurements for the second hour using an 

UltraTouch meter. Mice were then given food following testing. 

SV Fractionation. SV cells were isolated from pooled WAT depots (inguinal or perigonadal) 

through mincing WAT into fine pieces (2-5mm2). The minced WAT was then digested in 

adipocyte isolation buffer (0.1M HEPES pH 7.4, 120mM NaCl, 50mM KCl, 1mM CaCl2, 1.5% 

bovine serum albumin, and 5mM D-glucose) containing 1mg/mL collagenase at 37oC under 

agitation for 1 hour. Digestion was then stopped by adding DMEM/F12 to the digested solution. 

The digested solution was then passed through a 100-micron basket to remove undigested clumps. 

The effluent was then centrifuged at 50 rcf for 5 minutes. After centrifugation, the infranatant was 
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collected while supernatant and precipitate were discarded. The infranatant was then centrifuged 

for 10 minutes at 200 rcf to pellet the SV before adding red blood cell lysis buffer (10mM KHCO3, 

155mM NH4CL, and 0.1mM EDTA), re-pelleting, resuspension in DMEM/F12 with 10% fetal 

bovine serum, and finally plating. 

Cell Culture. Adipose SV cells were isolated (SV fractionation) and cultured in Dulbecco’s 

Modified Eagle Media/Hams Nutrient Mixture F12 (DMEM/F12) with 10% fetal bovine serum 

(FBS). After reaching confluency, the cells were given fresh DMEM/F12 with 10% FBS and the 

media was spiked with 10uL/mL IBMX, 1uL/mL dexamethasone, and 1uL/mL insulin to induce 

adipogenic differentiation. 3 days later, fresh DMEM/F12 with 10% FBS was given again with 

only 1uL/mL insulin for nutrient uptake into the adipocytes. After an additional 3 days (6 days 

post initial induction) cells were analyzed. For in vitro pharmacological testing, drugs were given 

during the 6-day differentiation period. 

RNA Extraction, cDNA Synthesis, and qPCR. Briefly, total RNA from cells were extracted using 

Trizol as the manufacturer suggested. RNA was treated with DNase-1 and reverse transcribed 

using random primers and reverse transcriptase. qPCR was conducted using Power-Up SYBR 

Green PCR Master Mix. Values were normalized against 18S expression.  

Tissue Processing. Whole tissues were placed in 10% formalin for 24-48 hours. 4 m sections 

were then removed from the sample and placed into pre-labeled cassettes. The cassettes were then 

placed into the tissue processor and ran overnight in various concentrations of alcohol and paraffin. 

Next, the cassettes were removed, and the tissue was imbedded in paraffin, placed into a 4oC 

refrigerator for 12 hours, then sectioned. After sectioning, the tissue was transferred onto 

microscope slides before being baked for 12 hours at 37oC. 
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Hematoxylin and Eosin Staining. Once processed, slides were stained using standard H&E 

protocols. In brief, slides were placed into xylene followed by alcohol before hematoxylin staining. 

Next, slides were rinsed before eosin staining. Following dehydration by alcohol and clearing 

through xylene, slides were cover slipped and allowed to cure for 12 hours before microscopy. 

Sirius Red Staining. Once processed, slides were stained following H&E protocols through 

hematoxylin steps. Following hematoxylin, slides were rinsed for 10 minutes before exposure to 

Sirius Red dye for 45 minutes before final dehydration, clearing, and cover slipping. 

Immunostaining. Immunostaining in vitro cells was performed on either adhered stromovascular 

cells or mature adipocytes using standard methods. Tissue sampled were immunostained following 

tissue processing and sectioned between 5-12 m, dependent on tissue type. In short, samples were 

probed with antibodies indicated in the figures before detection through conjugated secondary 

antibodies. Controls for immunostaining included either no primary or no secondary antibody.   

  

 

 

 

 

 

 

 

 

 

 



 

118 

CHAPTER 4 

GENERAL DISCUSSION 
 

4.1. Overall Summary: 
 

The goal of this research has been to gain insight on the role of the CXCL12/CXCR4 

signaling pathway in adipose tissue maintenance and expansion. BAT is controlled by sympathetic 

innervation which regulates adaptive thermogenesis in exposure to cold environments. However, 

BAT innervation remains poorly understood. Here, we have shown that smooth muscle cell 

expression of CXCL12 is regulating BAT lipid accumulation, though not directly regulating 

thermogenic function. Indirectly, the loss of CXCL12 within BAT smooth muscle cells causes a 

reduction in BAT innervation which then increases whitening of BAT while reducing thermogenic 

responses to cold stimuli. The loss of CXCL12 limits the amount of CXCR4+/CD301 

macrophages that contribute to neuronal maintenance. These findings suggest a smooth muscle 

cell chemokine-dependent mechanism linking immune cell infiltration and sympathetic neuronal 

presence. Moreover, we wanted to understand the role of CXCL12/CXCR4 signaling in 

adipogenesis. Adipose tissue expands through two mechanisms; hypertrophy, the swelling of 

adipocytes through continuously increased lipid accumulation, or hyperplasia, the generation of 

new adipocytes to accommodate excess lipid uptake. Both types of adipose tissue expansion are 

the result of an increased energy intake and reduced energy expenditure. It has been previously 

reported that CXCR4 downregulates adipogenesis and deletion results in weight gain. However, 

our lab has shown that deletion of CXCR4 within the adipose lineage results in a lipodystrophic 

phenotype in females and is only recovered through ablation of estrogen via ovariectomies or 

pharmacological inhibition of estrogen. Further, we have shown that the deletion of CXCR4 

increases Esr1 expression within adipocytes, suggesting a possible mechanism of CXCR4 that has 
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previously gone unreported. These findings highlight the importance of CXCR4 beyond cellular 

chemotaxis and show a new regulatory role on sex steroids. 

4.2. Future Direction: 
 
Short Term Direction: 

Our findings indicate that within BAT, SMA cells are responsible for the secretion of 

CXCL12 which influences sympathetic innervation. However, these findings are limited to SMA+ 

cells exclusive to BAT. Other surrounding tissues expressing SMA could also be playing a role in 

BAT macrophage retention and, thus, sympathetic neuronal growth. These tissues such as 

endothelial vascular and smooth muscle cells could potentially provide further insight regarding 

the mechanisms responsible for BAT function and homeostasis. If these surrounding tissues are 

contributing to CXCL12 expression driving BAT function, they could be targeted therapeutically 

to combat metabolic dysregulations associated with obesity such as hypertriglyceridemia through 

increased fatty acid oxidation. Additionally, looking into other regulatory cells within BAT could 

potentially give rise to additional pharmacological targets to improve metabolic health. 

Our phenotypic profiles indicate that deletion of CXCR4 in WAT does not impact body 

temperature, overall body weight, nor glucose tolerance. However, our studies have shown that 

deletion of CXCR4 within female WAT results in reduced adiposity. Through suppression of the 

deletion until sexual maturity, we were able to identify a CXCR4 deletion-driven reduction in the 

volume of mature adipocytes, indicating that lipids were either being utilized for energy or being 

introduced into circulation. In order to identify whether lipid metabolism or hypertriglyceridemia 

is taking place, triglyceride accumulation assays should be utilized to measure lipid levels in both 

the serum and fat pads of these mice.  
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While we have suggested a mechanism by which CXCL12/CXCR4 regulates Esr1 through 

mRNA expression and cell culture experimentation, a more detailed investigation is crucial to 

understand sex steroid-induced APC dynamics. Our data demonstrated that ablating CXCR4 

within the adipose lineage results in a sexually dimorphic lipodystrophic phenotype. That is, 

female mice lacking CXCR4 within the adipose lineage have reduced adiposity. CXCR4-deficient 

APCs cannot be rescued in response to HFD feeding. However, reducing circulating estrogen 

levels through ovariectomies leads to restored adiposity in CXCR4-deficient female cells. 

Complimentary to these findings, treating CXCR4-deficient APCs with the anti-estrogen 

fulvestrant fully restores adipogenic potential. While these findings propose a regulatory role of 

CXCR4 on Esr1, the mechanism remains unclear. To test if CXCR4 alters Esr1 transcriptional 

activity, several experiments should be explored such as luciferase assays on estrogen DNA 

response elements, western blotting of a known downstream signaling molecule for both Esr1 and 

CXCR4, and chromatin immunoprecipitation sequencing on wildtype and CXCR4-deficient 

adipose tissues. These experiments would both confirm CXCR4’s influence on Esr1 signaling as 

well as identify potential mechanisms governing estrogen-mediated WAT homeostasis. 

Long Term Direction:  

Our data has indicated that CXCL12 can successfully restore BAT innervation. By 

administration of CXCL12 over a truncated time point (daily, 1 week), lipid accumulation within 

BAT is reduced and the brown adipocyte becomes multiloculated, indicative of lipid-burning 

thermogenesis.  To this effect, administration of CXCL12 can potentially serve as a therapeutic 

approach to combat metabolic dysfunction associated with obesity. Therefore, it is plausible to 

suggest clinical trials of CXCL12 administration for the reduction of hypertriglyceridemia coupled 

with increased BAT activation in adults. What’s more, our studies indicate that targeting CXCR4 
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plays no role in BAT activation. Therefore, administration of both CXCR4 inhibitors and CXCL12 

should be investigated in both pre and postmenopausal women to combat obesity and obesity-

related diseases. 

The data presented in the second study suggests the notion that CXCR4 can be an 

efficacious therapeutic target to reverse the effects of diet induced obesity in premenopausal 

women. Furthermore, targeting CXCR4 as previously suggested can potentially play an important 

role in blunting visceral adiposity in postmenopausal women. Our research suggests that CXCR4 

is downregulating estrogenic effects on WAT homeostasis. Beside regulating body fat distribution, 

estrogen has been shown to have beneficial roles on metabolism. Hormone replacement therapy 

(HRT) has been shown to decrease fasting glucose levels while significantly lowering the instances 

of diabetes in postmenopausal women (302). Furthermore, HRT elevates high density lipoproteins 

(HDL) while reducing low density lipoproteins (LDL), resulting in healthier blood lipid profiles 

and lowering the risk for coronary heart disease (303, 304). Postmenopausal women receiving 

HRT showed a decrease in visceral adiposity, further reducing the risk of cardiovascular disease 

(305). Clearly, the addition of estrogen in postmenopausal women has positive health implications. 

By adding a CXCR4 inhibitor such as AMD3100 in conjunction with HRT, estrogenic effects 

could potentially be elevated. Furthermore, healthy premenopausal females do not require HRT. 

It is estimated by the National Health and Nutrition Examination Survey that ~42% of women 

aged 20-59 years old are overweight or obese in the US. While women within this age range 

typically do not require estrogen treatments, AMD3100 could be a potential therapeutic agent for 

weight loss by inhibiting CXCR4’s downregulation of estrogenic effects. While AMD3100 has 

been utilized in clinical trials for HIV and cancer patients, its effects on adiposity have yet to be 
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explored. The findings in our research suggest a possible therapeutic target for premenopausal 

women suffering from obesity as well as postmenopausal women taking HRT treatments.  
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APPENDIX: 
 

 

CHAPTER 2 

 
Supplemental Figures 

 

 
Figure 22: Supplemental Figure 1, Related to Figure 9. A) mRNA expression of Pparg and Cxcl12 

in response to adipogenic media. SV cells were isolated from iWAT depots and induced to 

differentiate. ***P ≤ 0.001 by Students t-test. Data are mean ± s.e.m. B) mRNA expression levels 

of Cxcl12 within iWAT or gWAT depots while mice were maintained on chow or HFD for eight-

weeks. ***P ≤ 0.001 by Students t-test. Data are mean ± s.e.m. n = 4/group. C) Representative 

images of whole mount fluorescence microscopy (GFP and RFP) of periscapular WAT (psWAT) 

from AT-Cxc12-DsRed mice. D) Representative images of lipid staining of in vitro derived white 

adipocytes from isolated iWAT SV cells treated with vehicle, Sd1-a, or Sdf-1b. E) mRNA expression 

levels of denoted adipocyte markers from adipocytes described in (D) 

 



 

124 

 
Figure 23: Supplemental Figure 2, Related to Figure 10. A) Representative flow plots 

demonstrating gating strategizes for colocalization between GFP and DsRed for iWAT and gWAT. 

B) Representative images of GFP, DsRed, and CD31 immunostaining of iWAT and gWAT sections 

from AT-Cxcl12-DsRed mice. C) Genetic schema: Sma-CreERT2 mice were combined with 

Cxcl12fl/fl mice to create (Sma-Cxcl12-KO) D) Sma-Control (Sma-CreERT2; or Cxcl12fl/fl) and 

Sma-Cxcl12-KO (Sma-CreERT2; Cxcl12fl/fl) mice were administered tamoxifen (TMX) at P60 

and chased for six-weeks at room temperature (RT). Organ weight was assessed. E) Representative 

images of H&E staining from iWAT and gWAT depots from mice described in (D) F) 
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Representative images of Plin1 staining of gWAT sections from mice described in (D). G) mRNA 

expression levels of adipocyte markers from iWAT depots of mice described in (D). H) 

Representative images of lipid staining of in vitro derived adipocytes from iWAT SV cells from 

mice described in (D). I) Relative triglyceride accumulation of in vitro derived adipocyte cultures 

(H) from mice described in (D). J) mRNA expression levels of denoted adipocyte markers from in 

vitro derived adipocyte cultures (H) from mice described in (D).  
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Figure 24: Supplemental Figure 3, Related to Figure 11. A) Sma-Control (Sma-CreERT2; or 

Cxcl12fl/fl) and Sma-Cxcl12-KO (Sma-CreERT2; Cxcl12fl/fl) mice were administered tamoxifen 

(TMX) at P60 and chased for six-weeks at room temperature (RT). Representative images of brown 

adipose depots. B) Representative images of H&E staining from mice described in (A) at 5x 

magnification. C) Representative images of whole mount fluorescence microscopy (GFP and RFP) 

of BAT from AT-Cxc12-DsRed mice. D) Representative images of DsRed and Plin1 staining from 

BAT sections from Cxc12-DsRed mice. E) Representative images of lipid staining of in vitro 

derived brown adipocytes from BAT SV cells isolated from Cxcl12-DsRed mice. F) Experimental 

schema: BAT SV cells were isolated from Sma-Control mice and cultured in the presence of vehicle 
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or Cxcl12 (50 ng/ml) and adipogenic media. Differentiation was assessed by micrographs. G) SV 

cells were isolated from BAT, kidney, liver, spleen, and bone marrow. Total cellular composition 

was assessed for Cxcl12-DsRed expression by flow cytometry. H) Relative abundance was 

calculated from FACS analyzed cells described in (G), expect bone marrow. I) Representative 

FACS plot for gating for DsRed and Sma colocalization in BAT. J) Quantification of colocalization 

between DsRed and Sma compared to the total number of Cxcl12-DsRed+ cells from FACS 

analysis described in (I). K) Quantification of colocalization between DsRed and Sma compared 

to the total number of Sma+ cells. L) Representative images of Plin1 staining of gWAT sections 

from mice described in (D).  
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Figure 25: Supplemental Figure 4, Related to Figure 12. A-E) Sma-Control (Sma-CreERT2; or 

Cxcl12fl/fl) and Sma-Cxcl12-KO (Sma-CreERT2; Cxcl12fl/fl) mice were administered tamoxifen 

(TMX) at P60 and chased for six-weeks at room temperature (RT). Mice were then cold exposed 

up to seven days. Rectal temperatures (A), bodyweight (B), blood glucose (C), WAT weight (D), 

and mRNA expression of thermogenic markers (E) were assessed. *P ≤ 0.001 by Students t-test. 

Data are mean ± s.e.m. n = 7-11 mice/group. F-G) Representative images of H&E staining and 

Plin1 and Ucp1 immunostaining of iWAT sections from seven-day cold exposed mice described in 

(A) H) Experimental schema: Sma-Control and Sma-Cxcl12-KO mice were administered TMX at 

P60 and chased for six weeks at RT and then administered CL316,243 (1 mg/Kg) for seven days. 
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I-J) Representative images of H&E staining and Plin1 and Ucp1 immunostaining of iWAT sections 

from mice described in (H) K) Experimental schema: Sma-Control and Sma-Cxcl12-KO mice were 

administered TMX at P60 and chased for three weeks at RT and then administered HFD for eight-

weeks. n = 9-12 mice/group. L-P) Body weight (L), % body fat (M), glucose tolerance test (N), 

and WAT (O) and BAT (P) weight was assessed from mice described in (K). **P ≤ 0.002 by 

Students t-test. Data are mean ± s.e.m. Q-R) Representative images of H&E staining and Plin1 

and Ucp1 immunostaining of BAT sections from HFD fed mice described in (K) S) mRNA 

expression levels of Ucp1 and Pgc1a within BAT depots from HFD mice described in (K). *P 

≤0.033; **P ≤ 0.001 by Students t-test. Data are mean ± s.e.m. n = 3 mice/group. 

 

 
Figure 26: Supplemental Figure 5, Related to Figure 13. A-E) At P60, Sma-Control were 

administered vehicle (PBS) or AMD3100 (5mg/Kg IP 4x/week for four weeks). n = 10 mice/group. 

Body weight (A), %body fat (B), glucose tolerance test (C), WAT weight (D), and organ weight 

(E) were assessed. F) Representative images of H&E staining of iWAT depots from mice described 

in (A). H-M) Ucp1-Control (Ucp1-Cre) and Ucp1-Cxcr4-KO (Ucp1-Cre; Cxcr4fl/fl) were 
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maintained at RT until P60; subsequently, mice were cold exposure seven days (168 hrs. chronic). 

n = 9-10 mice/group. Body weight (H), WAT weight RT (I), and BAT weight (J), rectal temperature 

(K), thermogenic gene expression-cold (L), and WAT weight cold (M) were assessed. N) 

Representative images of Plin1 and Ucp1 immunostaining of iWAT sections from mice described 

in (H).   

 

 
Figure 27: Supplemental Figure 6, Related to Figure 14. A) Representative images of Plin1 and 

TUBB3 immunostaining from BAT sections from Sma-Control and Sma-Cxcl12-KO mice post 

TMX six-weeks. B) Representative images of Plin1 and TH immunostaining from iWAT sections 

from Sma-Control and Sma-Cxcl12-KO mice post TMX six weeks cold exposed for seven days. C) 

Representative images of Plin1 and TH immunostaining from BAT sections from Ucp1-Control 

and Ucp1-Cxcr4-KO mice at P60 maintained at RT. D) mRNA expression levels of denoted genes 

within BAT depots from Sma-Control and Sma-Cxcl12-KO mice maintained at TN six weeks post 

TMX. *P ≤0.033 by ordinary one-way ANOVA; n = 3 mice/group.   
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Figure 28: Supplemental Figure 7, Related to Figure 15. A) Representative FACS plot for gating 

of CD301 cellular populations within BAT from Sma-Control and Sma-Cxcl12-KO mice post TMX 

six-weeks. B) Relative percentage of live CD68+ within BAT depots from Sma-Control and Sma-

Cxcl12-KO mice. ***P ≤0.001 by Student t-test; n = 5 mice/group.  C) Relative frequency and 

abundance of CD301+ cells with iWAT depots from Sma-Control and Sma-Cxcl12-KO mice fed a 

chow or HFD (8-weeks). *P ≤ 0.033; **P ≤ 0.002; ***P ≤ 0.001 by ordinary one-way ANOVA. 

Data are mean ± s.e.m. n = 4-6 mice/group.  
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CHAPTER 3 

 

Supplemental Figures 

 
 

 
Figure 29: Supplemental Figure 8, Related to Figure 17. A) Individual adipose depot weights for 

AT-Control and AT-CXCR4-KO mice at P10. B) Representative images of H&E staining of 

subcutaneous fat depots on mice described in (A). C) Representative images of in vitro lipid 

staining after terminal differentiation on mice described in (A). 
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Figure 30: Supplemental Figure 9, Related to Figure 18. A) Experimental schema: Male AT-

Control and AT-CXCR4-KO mice were placed on chow diet from conception until P60. At P60, 

mice were placed on HFD for 12 weeks before analysis. B) Body weight upon analysis from mice 

described in (A). C) Glucose tolerance tests from mice described in (A). D) Individual adipose 

depot weights from mice described in (A). E) Representative images of H&E staining of 

subcutaneous and visceral fat depot sections from mice described in (A) I) Representative images 

of Sirius red (fibrotic) staining of subcutaneous and visceral fat depot sections from mice described 

in (A). J) Representative images of H&E staining of liver sections from mice described in (A).  
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