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Abstract

Obesity is an excess accumulation of adipose tissue mass, and, together with its sequelae, in 

particular type II diabetes and metabolic syndrome, obesity presents a major health crisis. 

Although obesity is simply caused by increased adipose mass, the heterogeneity of adipose tissue 

in humans means that the response to increased energy balance is highly complex. Individual 

subjects with similar phenotypes may respond very differently to the same treatments; therefore, 

obesity may benefit from a personalized precision medicine approach. The variability in the 

development of obesity is indeed driven by differences in sex, genetics, and environment, but also 

by the various types of adipose tissue as well as the different cell types that compose it. By 

describing the distinct cell populations that reside in different fat depots, we can interpret the 

complex effect of these various players in the maintenance of whole-body energy homeostasis. To 

further understand adipose tissue, adipogenic differentiation and the transcriptional program of 

lipid accumulation must be investigated. As the cell- and depot-specific functions are described, 

they can be placed in the context of energy excess to understand how the heterogeneity of adipose 

tissue shapes individual metabolic status and condition.
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Introduction

Currently, the U.S. Centers for Disease Control and Prevention estimate that more than half 

of the U.S. population is overweight or obese and almost one in every five children is obese.
1,2 This epidemic is occurring worldwide, as more than 1 billion adults worldwide are 

overweight and over 300 million people rank as obese. Obesity leads to a broad spectrum of 

other sequelae including insulin resistance, type 2 diabetes, and atherosclerosis, which 

collectively form the metabolic syndrome.3 The diversity of pathologies that arise with 

increased adiposity underscores the many different roles that adipose tissue plays in normal 

physiology and, as we will highlight, the different cell types that reside in fat. Strikingly, 

almost 20 million Americans have type 2 diabetes, and over 40 million people in the United 
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States have metabolic syndrome, sharing a collection of abnormalities that each generate 

risk for the others and present clinically as many of our most common medical disorders, 

including dyslipidemias, non-alcoholic fatty liver, cardiovascular disease, renal failure, and 

even some cancers.4,5

To characterize obesity as simply an increase in adipose tissue mass is an oversimplification. 

In humans, obesity-associated morbidity and mortality are linked to both fat accumulation 

and fat distribution. Increased fat mass can be caused by increased adipocyte size (i.e., 

hypertrophy), increased adipocyte number (i.e., hyperplasia), or both. Individuals with adult-

onset obesity commonly display a hypertrophy phenotype, whereas individuals with early-

onset obesity exhibit both adipocyte hypertrophy and hyperplasia.6 Fat distribution also 

contributes to the intersubject variability of obesity and plays an important role in metabolic 

risk. Central obesity (i.e., apple-shape obesity), characterized by excessive intra-abdominal/

visceral fat accumulation, is associated with high risk for the development of insulin 

resistance, diabetes, and metabolic syndrome. By contrast, increased subcutaneous fat 

accumulation (i.e., pear-shape obesity) exhibits low risk for metabolic disorders.7 Recently, 

large-scale meta-analyses have started to map out the genetic loci and suggest potential 

pathways that are associated with fat accumulation and distribution.8–10

In addition to interindividual differences, diverse cellular compositions within fat tissue also 

contribute to the heterogeneity of human adipose tissue and linkage with the complex 

functions. In many tissues, heterogeneous populations of cell types interact to maintain 

homeostasis and perform the physiologic role of the tissue. Some cellular functions and 

processes can be shared among different cell types; however, others are exclusive to a single 

type of cell within the organ. All tissues, for example, contain blood vessels composed of 

endothelial and smooth muscle cells. It is well recognized that different subpopulations of 

neurons exist in the brain,11 and different fiber types constitute the skeletal muscle.12 

Different cell types in the pancreas are specialized to secrete specific hormones, and 

subpopulations of these distinct cell types are thought to exist.13,14 Adipose tissue is no 

exception, and the heterogeneous nature of adipose tissue and a variety of roles for the cells 

that compose this tissue in its various depots throughout the body have been reported.15,16 In 

rodents, in addition to the heterogeneity of cell types within the adipose depot, cell-intrinsic 

features, such as cell size and level of insulin signaling, contribute to depot-specific 

endocrine and metabolic functions.17–20. Understanding the interplay among different cells 

types within adipose tissue will be key to defining the specific roles of individual depots in 

human health and disease.

Heterogeneity of adipose depots: functions and locations

Functional differences among adipose depots

While the key feature of adipose tissue is energy is stored in the form of lipid droplets that 

aggregate inside cells,21–23 not all fat depots are created equal. Metabolic syndrome may 

also stem from specific adipose tissue dysfunction.16 There are two functionally different 

types of adipose tissues: white adipose tissue (WAT), which is the main site of energy 

storage, and brown adipose tissue (BAT), which is dedicated to thermogenesis and energy 

expenditure24 by virtue of the expression of a mitochondrial protein called uncoupling 
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protein 1 (UCP1),27 which acts as a proton-leak channel in the inner mitochondrial 

membrane through which the proton gradient generated by the electron transport chain can 

be dissipated as heat rather than used to drive adenosine triphosphate (ATP) synthesis.28 

These two types of adipocytes differ in cellular lipid morphology. Energy-storing WAT 

depots are dominated by adipocytes that contain a single, unilocular droplet, while energy-

expending BAT contains cells with many smaller droplets in a multilocular pattern.25 By 

storing lipid droplets with higher surface area, access for water-soluble enzymes to their 

substrates is increased, allowing increasing lipolytic rates,26 for example during cold 

exposure.

In addition to the classical brown adipocytes, a second cell type called brown-like beige/brite 

adipocytes or recruited adipocytes (referred to as beige adipocytes hereafter) arise in WAT 

depots during prolonged cold exposure or β3 adrenergic stimulation. They are distinguished 

from white adipocytes by their multilocular lipid droplets and share many features with the 

classical brown adipocytes, such as high mitochondrial content and expression of UCP1. In 

rodents, brown and beige adipocytes arise from distinct cellular lineages,29 and several 

studies have shown transcriptional differences between them that might drive differential 

impacts on metabolism,30 certainly quantitatively but also qualitatively. For example, UCP1 

expression is highly inducible in beige adipocytes, whereas it is expressed at constitutively 

high levels in brown adipocytes.31,32 In humans, the adipose tissue commonly referred to as 

BAT seems to be a mix of these two cells types;33 however, since they both share the 

function of thermogenesis and therefore have high metabolic rates, discrimination between 

them by current techniques to measure substrate uptake is not possible. What is known is 

that, in humans, BAT mass is negatively correlated with body mass index, and BAT 

activation can improve glucose homeostasis,34,35 while in rodent models BAT activation can 

improve lipid metabolism and ameliorate atherosclerosis.36,37

Depot-specific heterogeneity

Recent data have suggested that different fat depots located in different anatomical locations 

of body appear to have distinct cellular compositions and diverse functions.16,38,39 In 

humans, fat depot–specific differences in function are clinically relevant owing to the 

observation that increased abdominal white fat is associated with insulin resistance,40 while 

subcutaneous white adipose tissue exerts a protective effect against metabolic syndrome.
41–43 BAT is mainly located in the interscapular region in rodents, while, in adult humans, 

brown/beige fat is mainly clustered around the neck, clavicle, spinal cord, and perirenal 

regions.44 Clearly, the health and size of the tissues in which the body chooses to store 

energy as lipids have an impact on whole-body metabolism and health.

To begin to understand the differences between different depots of adipose tissue in humans, 

transcriptional profiling of whole adipose tissue has been used. Before even considering the 

differences in gene expression, it is important to remember that many factors, such as 

genetic background of the individual and the depots sampled, can contribute to the gene 

expression patterns observed in whole-tissue lysates of human tissues (Fig. 1). With these 

considerations in mind, all comparisons of different depots seem to identify a signature of 

developmental genes45–47 that are differentially regulated among different fat depots. For 
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example, expression of the genes Short Stature Homeobox 2 (Shox2), Engrailed 1 (En1), T-
Box 15 (Tbx15), Homeobox 5 (Hoxa5), Hoxc8, Hoxc9 and Glypican 4 (Gpc4) is depot 

specific in mice48 and humans,45,49 while the expression of general adipogenic markers 

proliferator-activated receptor γ (PPARγ) and the CCAAT/enhancer-binding proteins α, β, 

and δ (C/EBPs) is not. Furthermore, Tbx15, Hoxa5 and Gpc4 expression in adipose tissue 

correlate with body mass index,45 which means that the developmental signature in each 

individual fat depot may play a role in controlling its growth and function. It is not hard to 

imagine, given the broad distribution of adipose tissue throughout the body, that these gene 

signatures are a relic of the patterning programs that direct development of progenitor cells 

to the sites of the different fat pads. Underscoring the idea that different fat depots are 

derived from distinct pools of progenitors, studies in mice to trace progenitor cells have 

shown that BAT but not WAT is largely composed of adipocytes that arise from a myogenic 

factor 5 (MYF5)+ early progenitor cell shared with skeletal muscle.29 Guertin’s group went 

on to carefully quantify the number of adipocytes arising from this lineage in each depot and 

found that no two depots were similar; each adipose tissue depot had a differently sized 

population of MYF5+ and MYF5− adipocytes.50 All of this information serves to highlight 

the fact that interpretation of whole-tissue transcriptional profiling is limited by one main 

issue in adipose tissue: cellular heterogeneity.

Cellular heterogeneity of adipose tissue

Adipocytes are mature, lipid-laden cells that are found in individual, discrete depots 

distributed throughout the body; however, this is by no means always the case, as adipocytes 

can also be found in non-adipose tissue, such as bone, liver, skin, muscle, and heart.51–54 In 

each adipose tissue depot, many other different cell types comingle with adipocytes, 

including cells from the immune system, vascular system, and nervous system (Fig. 2). 

Although other cells make a significant contribution to the heterogeneity of individual 

adipose tissue depots,55 in terms of maintaining energy balance and adiposity, the mature 

adipocytes are most important. Adipose tissue also plays a critical role in the endocrine 

system; however, this can also be complex, as certain hormones are specifically secreted by 

mature adipocytes from certain depots, which further highlights the diverse functions of 

adipose tissue.38,56–59 Since the majority of adipose tissue by volume is adipocytes, their 

biology, especially as it relates to energy storage, has been a prime focus. Adipocytes also 

have a major influence on the expression profile of whole adipose tissue, and, since tissue 

lysates are often used as a sample, especially in human studies, the transcriptional regulation 

of these cells is critical to understand.

Currently, three different adipocyte cell types have been described (white, brown and beige); 

however, there may be others. It is possible that there are subgroups of each type of 

adipocyte that are further specialized for certain functions such that the overall contribution 

of the depot is a reflection of the population of different adipocytes.

Preadipocytes serve as a pool for replenishing mature adipocytes during normal tissue 

turnover or in response to stimuli. In humans, it has been estimated that approximately 10% 

of the mature adipocyte population turn over each year60 and must be supported by a 

population of preadipocytes, supported in turn by a niche. Adipocyte turnover in rodents is 
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considerably faster, with as many as 5% of adipocytes replaced daily.61 Generally speaking, 

preadipocytes are described as committed adipocyte progenitor cells; however, it is clear that 

there is more than one stage to this commitment.62,63 Whether distinct subclasses of 

preadipocytes are specifically responsible for secretion of specific hormones is unknown, as 

the markers that define specific substages of differentiation have only begun to be defined. 

In addition to cells at different stages of differentiation, preadipocyte subpopulations that 

preferentially differentiate into white, beige, or brown adipocytes result in a broad diversity 

of immature cells.62,64 Recent studies have identified cell surface markers that delineate 

between human brown, white, and beige adipocytes,65 and significant effort has focused on 

identifying specific markers that identify preadipocyte populations predisposed to 

differentiate into each of these cell types. Work from our lab identified the cell surface 

marker integrin β1 (CD29) as a predictor of thermogenic differentiation and, by sorting 

preadipocytes with high CD29 expression, we effectively enriched for a population of cells 

that differentiated into mature adipocytes with high UCP1 expression.33 The exact numbers 

and cell-intrinsic functions of these different subpopulations seems to be depot specific, and 

they have been studied extensively.66–70 Several putative preadipocyte populations share a 

characteristic close proximity to vascular cells,71–73 which will be discussed further below. 

Preadipocytes also interact with cells from the immune system during times of tissue 

remodeling, which in adult life occurs during energy imbalance, which will also be 

addressed later in this review. Finally, preadipocytes are known to be the major source of 

certain adipose tissue derived secreted factors, such as plasminogen activator inhibitor 1 

(PAI-1)74 and tumor necrosis factor α(TNF-α),75 and thus the number and function of 

preadipocytes is critical to endocrine function of the adipose tissue depot.

The presence of immune cells in adipose tissue has been long appreciated, but the links 

between adipose tissue function and the immune system are complicated, and our 

understanding is constantly evolving. Adipose tissue resident macrophages were the first 

immune cells observed in adipose tissue and have been associated with obesity for more 

than a decade, although the interplay between specific subpopulations of macrophages has 

recently become more thoroughly appreciated.76–78 Considerable evidence supports the 

presence of at least two distinct macrophage populations: classically activated, 

proinflammatory M1 macrophages and alternatively activated, anti-inflammatory M2 

macrophages.79,80 Natural Killer (NK) cells are also recruited to adipose tissue in obese 

states and drive insulin resistance.81 Presumably, this switch to a proinflammatory cell 

population is largely responsible for the increased cytokines and inflammatory gene 

expression profile from obese adipose tissue that characterizes metabo-inflammation.82–84 

Macrophages are not the only immune cell in adipose tissue,85 and regulation of 

inflammation is not the only role the immune system plays in adipose tissue. Tissue 

remodeling, for example during prolonged cold exposure or β-adrenergic stimulation, 

recruits a subset of innate immune cells, including M2 macrophages, eosinophils, and the 

type 2 cytokines interleukin-4 and interleukin-13 (IL-4 and IL-13), which are required for 

activation of beige adipogenesis.86–88 Other noncanonical type 2 cytokines, such as IL-33, 

are required for brown adipogenesis; however, the involvement of immune cells in these 

contexts may be even more complex.89
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One of the major functions of adipose tissue is lipolysis, which increases the availability of 

free fatty acids. Metabolic challenges, such as a cold environment, stimulate sympathetic 

neural efferent activity to WAT, driving lipolysis to release stored energy for use in other 

tissues and thereby increasing the availability of free fatty acids as one source of fuel for 

BAT thermogenesis. Lipolysis is largely driven by increased sympathetic input, so it is not 

difficult to imagine neurons as part of the adipose tissue milieu.9. Intriguingly, recent work 

has defined a neural circuit that also senses these fatty acids and feeds back to increase BAT 

thermogenesis.91 This circuit may reinforce the effect of cold-sensing neurons that activate 

BAT and increase energy expenditure.90 WAT is also innervated by sensory nerve fibers that 

form networks with metabolic brain areas; moreover, activation of these afferents is reported 

to increase sympathetic nervous system outflow.92 However, the endogenous stimuli 

sufficient to drive WAT afferents during metabolic challenges, as well as their functional 

relation to BAT thermogenesis, remain unknown.

Adipose tissue must also be vascularized, meaning endothelial cells and smooth muscle cells 

are also part of the architecture of adipose tissue. As previously mentioned, putative 

preadipocyte populations are located in close physical proximity to the vasculature of 

adipose tissue.93 Interestingly, this phenotype is recapitulated in adipose tissue cultured ex 
vivo, where over time vascular proliferation and extension of blood vessel structures from 

the tissue explant is accompanied by the emergence of a population of preadipocytes along 

these structures.72 Taken together, these data imply that the adipose tissue vasculature forms 

an important part of the local stem cell niche and that circulating signals may control stem 

cell turnover and differentiation, in addition to local signals. Adipose tissue must respond to 

lipolytic stimuli and efficiently release or take up stored energy, such that proper 

vascularization is critical to tissue health.72 In BAT, vascularization is high to deliver 

nutrients into BAT and distribute heat throughout the body by efficiently moving blood 

through the tissue. This also facilitates endocrine function, and WAT must also be 

vascularized for similar reasons, but to a lesser extent than BAT. The dynamics of WAT 

vascularization have been more thoroughly investigated than those of BAT, and a large body 

of literature exists on vascular dysfunction in adipose tissue that arises during metabolic 

syndrome. Hypoxia exerts a proinflammatory effect in WAT via hypoxia-inducible factor 

(HIF1a), with an opposing anti-inflammatory effect of the HIF2a isoform.94 In addition to 

the impact of vascular dysfunction on adipocyte function, adipocytes can also affect vascular 

function by modulating vascular stretch, with healthy adipose tissue surrounding the 

vasculature exerting an anticontractile effect.95

Together, the many different cell types in adipose tissue work together to function in whole-

body energy metabolism. When there are changes to metabolic homeostasis, different cell 

types are activated and recruited to respond.

Adipogenesis

Mature adipocytes are terminally differentiated, presumably from precursor cells that are 

already committed to the adipocyte lineage (i.e., preadipocytes).7 The process of adipocyte 

differentiation from preadipocytes has been extensively studied in vitro using two-

dimensional models and, more recently, co-culture models to examine the effects of one cell 

Lynes and Tseng Page 6

Ann N Y Acad Sci. Author manuscript; available in PMC 2019 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



type on the differentiation of preadipocytes in vitro.96,97 Studies have begun to shed light on 

in vivo adipocyte differentiation using three-dimensional cultures that mimic in vivo 
microenvironments98–100 or genetic marker systems to label specific cell types and track 

their differentiation in vivo.101–103 Many different cell models have been used to study 

differentiation of adipocytes in vitro, with the goal mainly to understand the mechanisms 

that underlie the development of the lipid droplet and the partitioning of energy to and from 

it. As previously mentioned, not all mature adipocytes are created for energy storage. In 

addition to white adipocytes, brown adipocytes and brown-like beige adipocytes are 

specialized in expending energy to increase heat production. Brown and beige fat cells are 

known to exist in anatomically defined depots in mice and humans.44,104–106 Though these 

cells have different functions, they share a general adipogenic differentiation process.

In vitro adipocyte differentiation

In vitro adipocyte differentiation occurs when preadipocytes, which can be isolated because 

they are not lipid laden and therefore pellet during centrifugation (mature adipocytes float), 

are isolated and either immortalized or simply differentiated from primary cells using 

induction cocktails.107 A commonly accepted induction cocktail contains insulin, 

triiodothyronine (T3), and compounds that raise cAMP and inhibit cycloxygenase-2, such as 

indomethacin, 3-isobutyl-1-methylxanthine (IBMX), and dexamethasone.64 These signals 

synergize to activate an adipogenic differentiation program characterized by suppression of 

adipogenic inhibitors genes, such as preadipocyte factor-1 (Pref-1), necdin, and wingless-

type MMTV integration site family member 10A (Wnt10a) and activation of adipogenic 

activators, such as PPARγ and C/EBPs.108 By activating the adipogenic gene expression 

program, preadipocytes begin a maturation process characterized by the development of an 

advanced metabolite-handling system, which can be most obviously recognized visually by 

lipid accumulation.109

While similar to white adipocytes in terms of adipogenesis, brown and beige adipocytes are 

different from white fat cells in several features, as discussed above. UCP1 is expressed 

uniquely in thermogenically competent cells and serves to identify brown and beige 

adipocytes. Expression of UCP1 is induced in response to cold and diet, as well as hormones 

and growth factors.110 UCP1 is more highly expressed in brown/beige adipocytes than white 

adipocytes, and, importantly, differentiation of primary preadipocytes isolated from WAT 

and BAT results in expression of UCP1 only in brown adipocytes. Clearly, brown adipocytes 

are able to access a program of differentiation that is distinct from that available to white 

adipocytes, and differences in chromatin structure (addressed below) may play a role in 

allowing brown but not white preadipocytes to express UCP1. Though brown preadipocytes 

differentiated in vitro seem to phenotypically recapitulate mature brown adipocytes in vivo, 

white adipocytes are unable to fully mature into unilocular cells in vitro33,111 (Fig. 3). There 

are many factors, such as availability of extracellular matrix and cytoskeletal proteins, that 

contribute to the differences between in vitro and in vivo differentiation. It is also probable 

that the distribution of anabolic and catabolic signals in vitro is different from that in vivo. 

Adding to the complexity, distinct size classes of lipid droplets exist in each cell that differ 

in their composition, ability to recruit proteins to their surface, and ultimately, function.112
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Because white adipocytes do not become unilocular in vitro, it is difficult to use this feature 

to define in vitro differentiated white adipocytes. Further, lipid droplet accumulation in vitro 
can be rather dynamic, with lipids appearing and then disappearing from the same cell 

within 8 h (Fig. 3). On the other hand, lipid droplet morphology is related to metabolic 

capacity,113 and one study using droplet morphology to screen candidate drugs succeeded in 

uncovering the antithermogenic effect of Janus kinase (Jak) signaling, which could be 

blocked to activate mitochondrial biogenesis and UCP1 expression. Regardless of the 

distinctions between adipocytes derived from in vitro versus in vivo differentiation, in vitro 
cellular models can recapitulate most of the metabolic capacity that occurs in vivo, such as 

glucose and fatty acid utilization in response to insulin, and have offered great tools in the 

studies aiming to understand the molecular pathways of adipogenesis and drug discovery.33

While many murine adipocyte models have been studied in vitro for many years, it was not 

until recently that some groups generated human preadipocyte models to better understand 

the similarities to and differences from mouse cells.33,72,111 Critically, the groups generating 

these cells were able to produce paired cell lines isolated from different adipose tissue 

depots from the same subject, which allows the genetic heterogeneity of human population 

studies to be eliminated.

In vivo adipocyte differentiation

Most of our understanding of in vivo adipogenesis is derived from lineage-tracing 

experiments using transgenic mice to indelibly mark preadipocyte cells and then allow those 

cells to differentiate into mature adipocytes. These studies are of course limited to murine 

adipogenesis and require the resource-intense step of generating transgenic mice, where the 

gene is used to label preadipocytes. One drawback is that, to generate transgenic mice, the 

genetic identity of the preadipocytes must be known a priori. Though limited logistically, 

these studies provide compelling evidence about the lineage of adipocytes, clearly 

demonstrating that most of the adipocytes are derived from a platelet-derived growth factor 

receptor α (PDGFRα)–expressing precursor cell.73,114 Expression of zinc-finger protein 

423 (ZFP423) begins a commitment to adipogenic differentiation,71,115 and ZFP423 plays 

an essential role in maintaining white fat identity.116 PDGFRβ, on the other hand, marks a 

population of bipotent preadipocytes capable of white and beige adipocyte differentiation 

depending on the physiologic stimulation.117 This may indicate that the PDGFRβ population 

is heterogeneous itself or may represent a unique preadipocyte population.

As mentioned previously, the interscapular brown fat depot arises developmentally from a 

lineage of cells in the dermomyotome that is shared with skeletal muscle and expresses the 

transcription factors En1, paired box protein 7 (PAX7), and MYF5,29,118,119 while the 

majority of white and beige adipocyte precursors do not express MYF5.29,50,120,121 Brown 

adipogenesis includes activation of a thermogenic differentiation program, and, in many 

ways, this program is shared between brown and beige adipocytes; however, the two cell 

types have distinct gene expression profiles and developmental origins in mice.29,122 

Thermogenic gene expression is driven by PRD1–BF1–RIZ1 homologous domain 

containing 16 (PRDM16) and the transcriptional co-activator proliferator-activated receptor 

γ coactivator 1α (PGC1α), which co-activates mitochondrial biogenesis along with 
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mitochondrial transcription factor A (TFAM).123–125 Complete differentiation of brown 

adipocytes requires PRDM16, which acts as a regulatory switch in preadipocytes to allow 

brown adipocyte differentiation and can be overexpressed in non-adipogenic cells to activate 

this process.126 In mice, adipocyte-specific deletion of PRDM16 has little impact on 

differentiation and function of interscapular brown adipocytes, but beige adipocyte 

formation in response to cold or β3-adrenergic stimulation is impaired.127

Since the DNA-binding domain of PRDM16 is dispensable for its function in brown 

adipogenesis, the search for transcriptional co-activators that may mediate PRDM16’s effect 

on gene transcription has resulted in several hits.126 Interestingly, these proteins include 

chromatin-modifying enzymes, such as euchromatic histone-lysine N-methyltransferase 1 

(EHMT1) and C-terminal–binding protein 1 (CTBP1) and CTBP2,128 which recruit histone 

deacetylase enzymes to chromatin.129 It is reasonable to assume that the protein landscape 

of the UCP1 promoter could exists in three different states, depending on the cell context. 

Some cells may close the chromatin structure of the UCP1 promoter, rendering it 

inaccessible. This may be distinct from cells where expression of UCP1 could be induced, 

where low and high expression levels could correlate with different transcription factor 

occupancy. Supporting the notion that thermogenic competency is a function of chromatin 

state, PRDM16 in human embryonic stem cells has specific histone 3 lysine 9 (H3K9) 

methyltransferase activity. The H3K9 methylation state is a critical determinant of gene 

activity, and preadipocytes that do not express PRDM16 may fail to properly modify 

chromatin associated with the thermogenic differentiation program to allow access to 

UCP1.130,131

Another PRDM16 co-activator, zinc-finger protein 516 (ZFP516), can directly interact with 

the UCP1 promoter by binding it to drive expression132. ZFP516 binds to the proximal 

UCP1 promoter only 70 bp from the transcription start site to regulate UCP1 gene 

expression. This is in contrast to other regulatory elements, which are known to activate 

UCP1 expression via an enhancer element approximately 2.2 kb from the transcription start 

site.133,134 Other transcription factors, such as early B cell factor 2 (EBF2), are also thought 

to act as a co-regulators of gene expression with PRDM16; however. whether EBF2 

regulates UCP1 expression directly is unknown.135 EBF2 was shown to mark cells from 

both white and brown adipose tissue that were committed to the thermogenic fate, and 

EBF2-expressing cells give rise to brown and beige adipocytes, suggesting that EBF2 and its 

targets poise these cells to express UCP1 after differentiation.136 The white fat–determining 

factor ZFP423 distinguishes between white and beige adipogenesis by suppressing EBF2 

and PRDM16 activation.116

Thermogenic gene expression is further driven by the transcriptional co-activator PGC1, 

which activates mitochondrial biogenesis with mitochondrial transcription factor TFAM.137 

Cellular tyrosine kinases in the Jak, spleen tyrosine kinase (Syk) and proto-oncogene 

tyrosine protein kinase Src families that negatively regulate thermogenic differentiation have 

also been identified.113,138 During the later stages of differentiation, both sympathetic 

dependent and independent pathways could further enhance the thermogenic program. The 

canonical pathway that activates mature BAT metabolic activity in response to cold relies on 

sympathetic input resulting in the release of the catecholamine neurotransmitter 
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norepinephrine (NE) to activate G protein–coupled adrenergic receptors and increase 

intracellular cAMP. This process could be mimicked using pharmacological compounds, 

such as the β3-adrenergic receptor agonist CL 316,243. These stimuli enhance BAT 

thermogenic activity and induce beige adipocyte formation in white adipose tissue.68 The 

latter is mediated by increased differentiation of precursor cells into thermogenically 

competent cells, as well as direct transdifferentiation.69 In addition to the canonical 

catecholamine pathway, several alternate pathways capable of increasing BAT thermogenic 

activity and/or brown fat differentiation have been described.12,70 These include classical 

hormones, such as thyroid hormone and insulin, and newly identified endocrine factors, such 

as bile acid, natriuretic peptides, fibroblast growth factor 21 (FGF21), irisin, and members of 

the bone morphogenetic protein family (BMPs).139

Factors that regulate adipose heterogeneity

Genetics influence adipose heterogeneity

To identify potential candidate genes controlling obesity, recent studies have combined large 

clinical cohorts with publically available data to perform meta-analysis of single nucleotide 

polymorphism (SNP) variation in populations with sample sizes reaching almost a quarter of 

a million subjects. In a result that betrays its own complexity, fewer than 100 loci associate 

with obesity.8,9,10 In some cases, determining the causal gene is relatively straightforward, 

as the SNP is located near a gene with known functions congruent with a role in energy 

metabolism or a gene, such as melanocortin 4 receptor (MC4R), brain-derived neurotrophic 

factor (BDNF), or pro-opiomelanocortin (POMC), that causes monogenic obesity in mice. 

In association studies, variation in these genes has drastic effects on adipose tissue in some 

way, making their relation to obesity obvious. In other cases, assigning a causal gene is less 

straightforward: for example when a polymorphism in a distal regulatory region affects 

expression of a gene that is not necessarily the closest gene to the SNP. Recent evidence 

suggests that this may be the case for SNPs located near the fat mass and obesity–associated 

(FTO) locus, which actually regulate expression of the Iroquois homeobox protein 3 (IRX3) 

gene140 rather than the FTO gene that was originally implicated in the SNPs’ association 

with obesity.141 This example serves to highlight the importance of pairing an understanding 

of the functional importance of genes with phenotypic association data, and, by using gene 

ontology to categorize the genes implicated by SNPs, pathways identified include synaptic 

function, cell–cell adhesion, glutamate signaling, RNA binding/processing, lipid 

metabolism, and endocrine function.9,10 Additionally, more general pathways, for example 

mitogen-activated protein kinase (MAPK) signaling, are also upregulated as part of a 

mitogenic signature of cell survival that could be expected in an environment of energy 

excess.8,9 Still, one frustrating result of the impressive effort to generate genetic associations 

with human obesity has been the ability to explain a mere 3% of the phenotypic variation 

with the loci identified thus far, suggesting that the individual contributions of genetic 

variants to phenotype may be subtle.8

It is important to remember that these genome-wide association studies (GWAS) identify 

loci that associate with obesity and its sequelae that have known mutant alleles that can 

change that gene’s effect on obesity. This means that heterogeneity among the population in 

Lynes and Tseng Page 10

Ann N Y Acad Sci. Author manuscript; available in PMC 2019 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the DNA sequence in and around this gene may alter the accumulation of adipose tissue in 

some way. The minor alleles that are unknown and the alleles in genes with only moderate 

effects remain elusive, adding to the overall heterogeneity of adipose tissue that must be 

accounted for.

Gender-specific adipose heterogeneity

Gender clearly plays a fundamental role in fat mass and distribution.142 Women tend to 

accumulate more subcutaneous fat in gluteal and femoral regions, while men store fat in 

upper body and visceral areas.143 Sexual dimorphism in mice actually extends to the specific 

lipid content of adipose tissue, as the BAT of female mice contains a distinctly different 

lipidomic signature than that of male mice.144 Clearly, gender-specific hormones regulate 

aspects of adipogenesis, and castration of male mice can feminize aspects of adipocyte 

function in vitro.20 With that in mind, it is also critical to remember that, in addition to sex-

specific aspects of adipose tissue biology presumably driven by differences in sex hormones, 

some hormones are actually secreted from adipose tissue itself.38,145–148 The secretion of 

these putative adipokines can itself be sex specific,149 leading to a complicated model 

wherein hormone levels and sensitivity are both sexually dimorphic. Intriguingly, some of 

the differences between adipocytes from male and female mice, including lipogenic and 

lipolytic rate as well as insulin sensitivity, are cell intrinsic.20 Sexual dimorphism can also be 

detected in the proclivity for spontaneous differentiation, which is higher in cells from 

human females compared with males.70 Understanding the mechanisms regulating depot-

specific fat expansion and function in physiological and pathophysiological conditions may 

facilitate developing strategies for modulating whole-body metabolism.

Energy demand regulates adipose tissue heterogeneity

Dynamic energy demand requires changes to tissue morphologies, function, and cellular 

compositions to maintain homeostasis. Given the major role of adipose tissue in energy 

homeostasis, it is key to understand how this tissue copes with changes in energy 

homoeostasis to store, dispense, and use fuel as needed. A positive energy balance triggers 

an overall increase in pathways of energy storage, which causes expansion of adipose tissue 

to an extent that varies by depot; however, adipocytes undergo hypertrophy characterized by 

increased lipid droplet size (Fig. 4). In addition to hypertrophy of existing adipocytes, 

extended periods of energy excess lead to WAT expansion by increased preadipocyte 

proliferation and differentiation, and in mice this process occurs rapidly and is dependent on 

the phosphoinositide 3-kinase (PI3K)–protein kinase B (AKT2) pathway.150 Owing to 

increased cell death of hypertrophic adipocytes, hyperplasia seems to affect tissue size less 

than hypertrophy, although the local microenvironments of each depot, as well as cell-

intrinsic properties of preadipocytes from each depot, mean that the extent of hyperplasia 

and hypertrophy varies between depots. In humans, lower body adipose tissue located in 

subcutaneous depots of the buttocks and thighs seems to expand by hypertrophy, while 

abdominal subcutaneous adipose tissue in the visceral cavity expands by hyperplasia.151

In mice, however, it is visceral adipose tissue that expands via hyperplasia, at least in 

response to high-fat diet.18 To support this process, macrophages are recruited to adipose 

tissue during chronic energy excess by adipocyte death, chemokine release, hypoxia, or 
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lipolytic products;76,77 however, the ratio of M1 to M2 polarization varies among depots. 

Since subcutaneous adipose tissue is considered “healthy adipose tissue” and visceral 

adipose tissue is thought to be “unhealthy adipose tissue,” the relative rates of hypertrophy 

and hyperplasia in these two depots during times of energy excess are thought to underlie 

their different contributions to the metabolic syndrome. In addition to high-fat diet, caloric 

restriction has also been used to measure the effect of energy balance on adipose tissue 

composition and function and has some interesting effects beyond what one might expect 

with simple negative energy balance. One well-known phenotype of caloric restriction is 

extended life span,152,153 but underlying this are delays in the onset of many diseases, 

including metabolic syndrome, and an improvement in tissue metabolism that can be 

measured by increased sensitivity of energy-sensing pathways.154–156 In broad terms, caloric 

restriction decreases adipocyte size, increases the number of M2-polarized tissue-resident 

macrophages, and can promote the recruitment of beige adipocytes; however, consistent with 

the theme of this review, the effect size varies by depot.157 A better understanding of the 

cellular and molecular mechanisms that underlie WAT energy storage and trigger 

hypertrophy or hyperplasia is key to developing treatments for metabolic syndrome, obesity, 

and diabetes.

Another environmental challenge that modulates energy homeostasis is cold exposure. 

During periods of prolonged cold exposure, in addition to the hyperplasia that occurs in 

BAT, a population of adipocytes that express UCP1 termed beige/brite adipocytes arise in 

WAT from preadipocytes that are activated to differentiate in situ in a process called 

browning or beiging.158 In transgenic mice lacking classical BAT, these cells are even able 

to fully compensate and maintain normal thermogenesis during cold exposure, 

demonstrating their ability to catabolize fuel and generate heat.159 These cells arise from 

progenitor cells residing in WAT that maintain thermogenic competency, allowing them to 

activate both general adipogenic lipid accumulation and the gene network that drives 

thermogenesis and ultimately converges on UCP1.

A final common modulator of energy balance is exercise and, indeed as many who exercise 

hope, this has profound effects on adipose tissue. In addition to the well-recognized calorie-

burning effect of exercise, one other major effect of exercise is induction of lipolysis in WAT 

to liberate stored energy for use as fuel, and the extent to which lipolysis is activated by 

exercise varies among adipose tissue depots.160,161 In addition to direct effects on the tissue 

itself, adipose tissue from exercised animals can improve glucose homeostasis, potentially 

by secreting factors that promote insulin action or secretion in distal tissues; however, the 

effect on glucose homeostasis is also depot dependent.162,163

Conclusions

Adipose tissue contains many different cell types, and only by understanding the interplay 

among them can the contribution of each adipose depot and the tissue as a whole be 

understood in the control of energy balance. By studying the mechanisms that govern 

preadipocyte differentiation, it may be possible to direct the differentiation of these cells 

either in vivo or ex vivo toward a desired phenotype to treat metabolic syndrome. Clearly, 

owing to the current obesity epidemic, the most desirable phenotype is one that is biased 
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toward energy expenditure and against energy storage, so the comparison of brown and 

white adipocyte differentiation is especially relevant. This process is undoubtedly similar in 

both cell types; however, the energy-dispensing properties and morphological phenotype of 

BAT cells is remarkably well maintained in vitro and can be used to identify new targets that 

promote or inhibit thermogenic potential.
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Figure 1. 
The heterogeneity of adipose tissue has different drivers. The genetic background of 

different individuals can synergize with differences in cellular heterogeneity as well as 

variation in adipose tissue depot size and function. A person’s adipose tissue would then 

drive a distinct metabolic response to physiologic stimuli, such as diet, but also to 

therapeutic intervention (Px). This may require a personalized medicine approach to treat 

metabolic disease and indeed instruct decisions in the diet.
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Figure 2. 
Cellular heterogeneity of adipose tissue. Different cell types interact in adipose tissue to 

maintain homeostasis. To generate and maintain a pool of mature adipocytes, different 

precursor populations (depicted as slightly different shades with different color nuclei) are 

maintained in a stem cell niche, where they can react to different cues that regulate their 

adipogenic differentiation. The stem cell niche is located in close proximity to the 

vasculature, where it can respond to endocrine signals that can also modulate the function of 

mature adipocytes. Cells from the immune system are critical for tissue remodeling and also 

regulate the inflammatory milieu of adipose tissue response to energy balance in a process 

called metabo-inflammation. Finally, different kinds of mature adipocytes arise from the 

distinct progenitor cell pools and can be acutely activated by neurons to control 

thermogenesis and lipolysis.
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Figure 3. 
Characteristics of white and brown adipose tissue. Abundant mitochondria and a high level 

of vascularization make brown adipose tissue distinct from white adipose tissue in vivo; 

however, in vitro–differentiated adipocytes from brown and white precursors are 

morphologically indistinguishable. In vivo, white adipose tissue stores lipid in a unilocular 

fat droplet, whereas, in vitro, white adipocytes share a multilocular morphology with brown 

adipose tissue in vivo and in vitro. On a molecular level, the genes that mark cells from these 

two different depots are different both at the preadipocyte stage and in mature adipocytes. 

Human white preadipocytes express high levels of SSTR1, PTPRB, FAT1, and ACTC1 and 

after differentiation can be discriminated from brown adipocytes by increased expression of 

ASC-1 and leptin, which allow them to perform their primary function of energy storage. 

Human brown preadipocytes, on the other hand, express PREX1, CTTNBP2, DMRTA1, and 

EDNRB. Differentiation leads to expression of UCP1, which facilitates energy expenditure, 

and human brown adipocytes can be further discriminated from white adipocytes by 

expression of P2RX5, KCNK3, and MTUS1.
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Figure 4. 
Energy balance drives changes in BAT and WAT that can activate preadipocyte 

differentiation. In BAT, increased thermogenic demand activates energy expenditure by 

catabolizing fuel, and a long-term imbalance can stimulate differentiation of new brown 

adipocytes and increased tissue size. Excess energy can be stored in BAT and is usually 

characterized by a decrease in number and increase in size of lipid droplets, as well as 

decreased expression of UCP1. In some mouse models, such as chronic high fat–diet 

feeding, BAT adipocytes can even appear unilocular, although it is unclear if these cells are 

truly white adipocytes or if this unilocular lipid droplet is a further adaptation of brown 

adipocytes to energy excess. WAT participates in energy expenditure during thermogenesis, 

first as a fuel source that can release stored fuel to thermogenic BAT, but, during chronic 

cold exposure, these lipolysis products are also able to recruit macrophages that secrete 

molecules, such as OPN, to stimulate differentiation of UCP1+ beige/brite adipocytes in situ. 

Energy excess causes expansion of WAT, first by hypertrophy of adipocytes but then, 

through a process similarly associated with macrophage recruitment, through the 

differentiation of adipocytes into new mature adipocytes. Hypertrophy and hyperplasia occur 

at different rates in different adipose tissue depots.
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