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Abstract

Adipose tissue depots can exist in close association with other organs, where they assume diverse,
often ‘non-traditional’ functions. In stem cell-rich skin, bone marrow and mammary glands,
adipocytes signal to and modulate organ regeneration and remodeling. Skin adipocytes and their
progenitors signal to hair follicles, promoting epithelial stem cell quiescence and activation,
respectively. Hair follicles signal back to adipocyte progenitors, inducing their expansion and
regeneration, as in skin scars. In mammary glands and heart, adipocytes supply lipids to
neighboring cells for nutritional and metabolic functions, respectively. Adipose depots adjacent to
skeletal structures function to absorb mechanical shock. Adipose tissue near the surface of skin
and intestine senses and responds to bacterial invasion, contributing to the body’s innate immune
barrier. As the recognition for diverse adipose depot functions increase, novel therapeutic
approaches centered on tissue-specific adipocytes are likely to emerge for a range of cancers and
regenerative, infectious, and autoimmune disorders.

Introduction

The storage of energy as lipids is a highly conserved mechanism shared by unicellular and
multicellular organisms across evolutionary phylogeny. While prokaryotes and single-celled
eukaryotes store lipids in intracellular organelles known as lipid droplets or lipid bodies,
multicellular organisms developed specialized cells to house them (Driskell et al., 2014;
Ottaviani et al., 2011). Lipid-storing cells exist both in invertebrates and vertebrates,
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although rather than being homologous, they may have evolved convergently to sequester
lipid from the extracellular environment (Ottaviani et al., 2011). In vertebrates, adipocyte-
like cells have been noted already in lamprey, a group of jawless fish (Muller, 1968).

In mammals, two principal types of adipose tissue exist, white (WAT) and brown (BAT)
(Frontini and Cinti, 2010; Rosen and Spiegelman, 2014a). BAT develops embryonically,
derived from Myr5-and Pax7- expressing precursor cells in the mesoderm that also give rise
to skeletal muscle cells and a portion of white adipocytes (Lepper and Fan, 2010; Sanchez-
Gurmaches et al., 2012; Seale et al., 2008; Wang and Seale, 2016). Brown adipocytes, which
in rodents are predominantly contained in the interscapular region, contain multilocular lipid
droplets and high numbers of mitochondria, and primarily function to dissipate stored
energy in the form of heat. Although in humans BAT was thought to be restricted to an
interscapular depot in infants and adults chronically exposed to extreme cold, more recent
evidence has suggested that brown adipocytes, and/or adipocytes possessing characteristics
of both brown and white adipocytes (known as ‘beige’ or ‘brite’ adipocytes), may be more
common in adults than had been previously appreciated (Wang and Seale, 2016). That said,
the majority of adipose tissue in mammals, including adult humans, and the focus of this
review, is WAT, which is primarily comprised of large adipocytes that harbor a single lipid
droplet and markedly fewer mitochondria than brown adipocytes. We will also discuss bone
marrow adipose tissue (BMAT), which is currently thought to be distinct from either WAT or
BAT (Horowitz et al., 2017).

Historically, the study of WAT has centered around its principle function in controlling
energy homeostasis via the storage and release of lipids in response to systemic nutritional
and metabolic needs. WAT is distributed throughout the body in several distinct depots.
These include visceral depots (VWAT), that in humans include omental, mesenteric,
retroperitoneal, gonadal, and pericardial WAT (Wajchenberg, 2000), and are commonly
associated with metabolic disorders, such as diabetes and cardiovascular disease (Shuster et
al., 2012). Another highly studied depot is subcutaneous WAT (SWAT). It is located in
several locations under the skin and, in humans, clusters of SWAT exist in upper (deep and
superficial abdomen) and lower (gluteofemoral) body regions (Kwok et al., 2016).
Clinically, SWAT has been found to confer some beneficial effects on metabolism (Tran et
al., 2008). The differing metabolic functions of the major VWAT and SWAT depots have been
the subject of numerous excellent reviews including those by Tchkonia et al. (2013) and
Rosen and Spiegelman (2014b).

In addition to major WAT depots, discrete tissue-associated adipose depots are broadly
distributed across the body (Figure 1). These depots are often small in size, intricate in
microanatomy, closely associated with other anatomic structures, and perform novel tissue-
and organ-specific functions (Kruglikov and Scherer, 2016). Recognition of their importance
is rapidly growing; yet, with few exceptions, their biology remains incompletely understood.
Below we review the prominent tissue-associated adipose depots by anatomic location and
highlight some of their most distinctive features.
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Anatomy of adipose depots

Dermal adipose tissue.

The skin consists of consecutive layers of stratified epidermis, fibroblast-rich dermis, and
dermal WAT (dWAT), containing mature, unilocular white adipocytes. Skin appendages,
principally hair follicles (HFs), traverse through multiple layers, and in many species, such
as humans and mice, come in close contact with dWAT (Figure 1A, 1A’) (Driskell et al.,
2014). Although most mammals have a dedicated dWAT depot, its anatomy can vary
substantially across species. In mice, dWAT forms a continuous layer, separated from SWAT
by a striated muscle layer, akathe panniculous carnosus (Driskell et al., 2014). Humans
largely lack this muscle layer, but plastic surgeons have long reported that 7ascia
superficialis demarcates two distinct skin adipose compartments: namely the superficial
areolar and deep lamellar layers (Alexander and Dugdale, 1992; Gasperoni and Salgarello,
1995). These layers of skin-associated WAT differ in cellular distribution and metabolic
activity (Miyazaki et al., 2000; Sharbati et al., 2010; Smith et al., 2001; Walker et al., 2007).
Pigs contain three layers of skin-associated WAT, each separated by layers of fascia, with
adipocytes in the outer and middle layers having distinct cellular, enzymatic and lipidomic
profiles (Anderson et al., 1972; Hilditch and Stainsby, 1935; Monziols et al., 2007).

A signature feature of dWAT is its striking cyclic size fluctuations, which occur in parallel
with HF cycling (Chase et al., 1953; Wojciechowicz et al., 2013; Wojciechowicz et al.,
2008). HFs repetitively make new hairs via a three-phase regeneration cycle involving: (1)
growth (aka anagen), during which HFs elongate via epithelial cell proliferation and dWAT
layer prominently expands in thickness; (2) regression (aka catagen), when HFs involute
largely via apoptosis and dWAT recedes; and (3) quiescence (akatelogen) when HFs are
small and inactive and dWAT is at its thinnest (Figure 2) (Stenn and Paus, 2001). Cyclic
dWAT expansion results both from hypertrophy of pre-existing adipocytes and hyperplasia,
which involves proliferation of adipocyte precursors (APs) that subsequently differentiate
into lipid-laden, unilocular adipocytes (Festa et al., 2011b; Rivera-Gonzalez et al., 2016b;
Zhang et al., 2016a). In mouse dWAT, several populations of APs are recognized. Similar to
other WAT depots, dermal APs are defined by the expression of the cellular surface markers
CD34, CD29, and Scal (Festa et al., 2011b; Rodeheffer et al., 2008b). Among these APs,
CD24" cells represent an adipocyte stem cell (ASC) population, while CD24~ cells are
committed pre-adipocytes (Berry et al., 2013; Rivera-Gonzalez et al., 2016b). Although both
CD24* and CD24~ subsets of APs proliferate prior to anagen, the CD24* ASC population
preferentially expands, resulting in the generation of ~20% new adipocytes (Festa et al.,
2011b; Rivera-Gonzalez et al., 2016b). Proliferation of both ASCs and pre-adipocytes is
Pdgfa-dependent, and dWAT expansion at this stage is abrogated in mice with a
mesenchymal cell-specific deletion of Pdgfa (Rivera-Gonzalez et al., 2016b).

HF elongation and dWAT expansion during anagen are not only concomitant, but
functionally linked, providing a prime example of cross-regulation between epithelial and
adipose cell lineages (Figure 2A). Defects in dermal adipogenesis affect HF regeneration—
hair cycle progression becomes disrupted upon pharmacological inhibition of the adipocyte
differentiation regulatory factor Ppary, and after transplantation of normal skin onto £b71
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mutant mice, in which dermal APs are reduced (Festa et al., 2011b). Conversely, grafting
purified APs into normal telogen skin is sufficient to activate a new hair growth cycle (Festa
et al., 2011b). Unlike in £bf1 mutants, hair cycle progresses normally in A-Zjp mice which
lack mature adipocytes, but feature elevated AP numbers (Festa et al., 2011b; Rodeheffer et
al., 2008b). These data show that dermal APs, rather than mature adipocytes, promote new
hair cycle entry by HFs.

By contrast, mature dermal adipocytes supply telogen HFs with long-range inhibitory
signals that simultaneously stall hair regeneration across large stretches of skin (Plikus et al.,
2008). This role for dermal adipocytes was identified in studies on natural hair cycle in mice
—certain groups of telogen HFs are “competent” to quickly reenter anagen when challenged
with physiological or exogenous growth-activating signals, such as hair plucking (Chen et
al., 2015), while other groups of telogen HFs are “refractory” to the very same stimuli and
fail to regenerate. Further observations showed that during early telogen, HFs are refractory
and acquire competent state only after one month, and that this is associated with prominent
downregulation of Bone morphogenetic protein 2 (Bmp2) expression by adjacent dermal
adipocytes (Figure 2C, 2D). BMP signaling maintains quiescence of HF stem cells and
adipose-derived Bmp2 contributes to highly quiescent, refractory telogen state. Skin-specific
overexpression of the soluble BMP antagonist Moggin is sufficient to largely abolish telogen
refractivity, leading to precocious hair cycle reentry by HFs (Plikus and Chuong, 2014;
Plikus et al., 2008).

Hair cycle-coupled dWAT expansion is also modulated by epithelial Wnt activity (Donati et
al., 2014) and Shh signals (Zhang et al., 2016b) (Figure 2A). During HF morphogenesis and
regeneration, inhibition of canonical Wnt signaling in epithelial skin cells suppresses
adipogenesis, while its ectopic activation increases dWAT expansion, even in the absence of
HFs. Responding to Wnt activation /n vitro, epithelial cells secrete pro-adipogenic factors,
suggesting a potential mechanism by which epithelial cells may control dWAT expansion in
parallel with anagen entry. Donati et al. (2014) identified BMP and IGF ligands as the
putative Wnt-controlled epithelial pro-adipogenic factors. Another recent study identified
pro-adipogenic effect of HF-derived Shh ligands (Zhang et al., 2016b), adding Hedgehog
pathway to the list of signals shared between HFs and dWAT.

In addition to local triggers, dWAT can expand in response to systemic cold stress (Kasza et
al., 2014). Compared to normal animals, mice lacking syndecan-1, a heparin sulfate
proteoglycan, display dWAT size reduction and compromised cold stress responses at room
temperature (21°C), that induces moderate thermal shock, but not at thermo-neutral
conditions (31°C). Boosting adipogenesis with the Ppary agonist rosiglitazone rescues both
the dWAT thickness and cold stress response phenotypes in syndecan-1 null mice. While the
role of skin in systemic thermoregulation is not fully understood (Romanovsky, 2014), the
syndecan-1 study suggests that dWAT is important for this homeostatic process. The
mechanism by which dWAT responds to cold stress is an exciting future direction for the
field.

dWAT also plays a major role in several aspects of skin wound healing. Wound repair
typically occurs in three sequential stages—inflammation, proliferation, and remodeling
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(Gurtner et al., 2008). This process can be modeled in mice, with different injury sizes
resulting in distinct repair outcomes. Regeneration of hair follicles and lipid-filled
adipocytes occur during repair of large but not small wounds (lto et al., 2007; Plikus et al.,
2017).

Lineage studies using Sm22-Cre and Sma-CreER mouse models showed that the majority of
newly formed adipocytes that are generated in large healing wounds derive from contractile
fibroblasts, aka myofibroblasts (Plikus et al., 2017). De novo adipogenesis in this case is
driven by BMP signals generated by new anagen-stage HFs and depends on activation of
Zfp423, the key transcriptional regulator of adipose lineage commitment (Gupta et al., 2010;
Shao et al., 2017). New adipocyte formation in response to signals from HFs during wound
healing thus provides further support for the notion of bidirectional signaling between
epithelial and adipocyte lineages (Donati et al., 2014). Anagen HFs derived from human
scalp and BMP can also induce human keloid scar fibroblasts to undergo adipogenesis /n
vitro (Plikus et al., 2017), suggesting at least partial conservation of this phenomenon
between mice and humans.

Several studies suggest that dWAT is an active participant in wound repair, though our
understanding of the specific roles played by adipocyte lineage cells in the process is not yet
fully understood. Transplantation of heterogeneous populations of adipose-derived
mesenchymal cells into dermal wounds accelerates healing (Kim et al., 2007), though
further studies are needed to clarify whether this function could be attributed to a pure
population of adipocyte precursor cells. When adipogenesis is inhibited via pharmacological
and genetic means, extracellular matrix deposition and fibroblast recruitment into the wound
bed are impaired (Schmidt and Horsley, 2013), suggesting that adipocyte lineage cells
enhance normal healing, likely via paracrine signaling. Indeed, several adipocyte-derived
factors, or adipokines, have been implicated in controlling wound healing. One such factor,
adiponectin, influences wound re-epithelialization, and mice deficient in adiponectin
demonstrate a pronounced delay in wound healing (Jin et al., 2015; Salathia et al., 2013;
Shibata et al., 2012). Leptin, another adipokine, also enhances wound re-epithelialization as
well as re-vascularization (Frank et al., 2000; Ring et al., 2000; Sierra-Honigmann et al.,
1998). Systemic and local application of leptin to Ob null mice, which lack endogenous
leptin, rescues wound re-epithelialization and contraction defects, but it has no effect in Db
null mice, which lack functional leptin receptor (Frank et al., 2000; Ring et al., 2000),
suggesting that leptin acts through its receptor to facilitate proper wound healing.

Among other skin-specific roles of dWAT, a recent study identified its importance in local
innate immune response to bacterial infection. Responding to skin infection by
Staphylococcus aureus, AWAT prominently and rapidly expands in size (Zhang et al., 2015).
This bacteria-induced dWAT expansion occurs in telogen skin, does not require new hair
cycle entry, and mechanistically involves hypertrophy of preexisting adipocytes and
adipogenesis of Prefl*,Zfo423" pre-adipocytes. Concomitantly with hypertrophy, dermal
adipocytes start to express and secrete large amounts of cathelicidin, a membrane-disrupting
antimicrobial peptide which directly kills bacteria (Kosciuczuk et al., 2012). A normal
adipogenesis program is critical for proper cathelicidin production and skin innate immune
response becomes severely compromised in Zfp423 null mice deficient for adipogenic
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progenitors, and in mice treated with Ppary inhibitors. For instance, skin infection that
would normally be locally contained progresses to septicemia (Zhang et al., 2015).

Facial adipose tissue.

Craniofacial structures closely associate with multiple adipose pads and the effect that WAT
has on facial features in humans significantly affects facial recognition and age perception
(Figure 1). Developmentally, in mice, many facial adipocytes develop from neural crest
(Billon et al., 2007; Lemos et al., 2012), similar to adjacent skeletal structures. However,
with age their numbers decrease concomitantly with an increase in non-neural crest
mesenchyme-derived adipocytes (Lemos et al., 2012). Existence of neural crest-derived
adipocytes in the face can explain why some types of human congenital WAT dystrophies,
specifically congenital infiltrating lipomatosis (Couto et al., 2017; Kamal et al., 2010) are
restricted to the face. Temporally, facial adipose pads, including these in the cheeks, chin
and periocular regions, begin to specify prenatally in the second trimester with cheek WAT
forming first and periocular WAT forming last (Poissonnet et al., 1983).

Facial WAT consists of deep and superficial depots (Rohrich and Pessa, 2007). Deep depots
include sub-orbital, retro-orbital and buccal adipose pads. Being important for facial
reconstruction, they are detailed in plastic surgery literature (Aiache and Ramirez, 1995;
Hwang et al., 2007; May et al., 1990; Stuzin et al., 1990). Superficial depots are numerous
and distribute broadly under the facial skin. Nasolabial adipose runs along the identically
named skin fold next to the nose. Cheek adipose is the largest depot and sub-divides into
three distinct compartments—medial, middle, and lateral temporal pads. Of these, middle
and lateral temporal pads provide cheek skin with its volume. Cranium contains two large
adipose pads—temporal and forehead adipose. Orbital adipose consists of three distinct pads
that extend around the eye and into the cheek. Lastly, jowl adipose is found in the inferior
part of the face.

In normal adults, facial WAT dramatically reduces with age and this strongly contributes to
facial aging—Ioss of adipose volume results in wrinkling of the skin. Susceptibility of
individual facial WAT depots to age-related atrophy differs. For instance, retro-orbital WAT
prominently atrophies (Gesta et al., 2007) and this contributes to aged, sunken eye
appearance, while other depots, such as nasolabial and jowl WAT, are more resistant to
atrophy (Rohrich and Pessa, 2007). Age-related changes that do occur in jowl WAT,
however, contribute to a ‘sagging jawline’ appearance.

Clinically, retro-orbital WAT is particularly remarkable. It prominently expands within the
eye socket in Grave’s disease, a type of inflammatory autoimmune disorder (Bahn, 2010),
and presents as exophthalmos, bulging of the eyes, also known as Graves’ ophthalmopathy.
At least in part, exophthalmos is caused by excessive adipogenesis in the retro-orbital space
(Forbes et al., 1986) and if left untreated it can result in sight-threatening complications,
including optic nerve compression (Wiersinga and Bartalena, 2002). Pathogenesis of
Graves’ ophthalmopathy appears to be complex (Gortz et al., 2016), but includes stimulation
of thyrotropin receptor, expressed on a subset of retro-orbital pre-adipocytes, by activating
autoantibodies (Starkey et al., 2003). Autoantibody-mediated activation of thyrotropin
signaling can directly promote adipogenesis, similar to the effect of native thyrotropin ligand
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(Kumar et al., 2011; Lu and Lin, 2008; Zhang et al., 2009). Excessive retro-orbital
adipogenesis can be additionally stimulated by pro-adipogenic prostaglandins secreted by
activated T-cells present in large numbers in the affected orbit (Feldon et al., 2006).

Mammary adipose tissue.

In the mammary gland, epithelial ducts, the milk-producing structures, are surrounded by
mammary adipose tissue (mgWAT) (Figure 1B, 1B’). It is primarily composed of white
adipocytes, although short-lived brown adipocytes, and a brown adipocyte-associated gene
expression signature that is cold-inducible, have also been identified in young mice (Gouon-
Evans and Pollard, 2002; Master et al., 2002). Mice contain five pairs of mammary glands,
numbered one through five according to their anterior-posterior positioning along the
mammary line axis (Figure 1). Among these, the fourth gland, located inguinally in SWAT, is
the gland of choice in the majority of mouse mammary and breast cancer studies (Richert et
al., 2000). Compared to mice, adipocyte abundance represents a lower percentage of the
human breast in favor of more fibrous connective tissue (Parmar and Cunha, 2004), and
varies widely between individuals (reviewed in (Hovey and Aimo, 2010; Neville et al.,
1998)).

Somewhat analogous to HFs, the mammary gland epithelium undergoes cyclic remodeling
consisting of pregnancy, lactation, and involution stages, and mgWAT remodels along with it
(Anderson et al., 2007; Hovey and Aimo, 2010; Watson, 2006). During pregnancy,
mammary adipocytes expand in size and nearly double in lipogenic capacity
(Bandyopadhyay et al., 1995; Bartley et al., 1981; Elias et al., 1973; Pujol et al., 2006).
However, when lactation initiates, lipogenesis rates within mgWAT plummet
(Bandyopadhyay et al., 1995; Bartley et al., 1981) and its area dramatically decreases.
mgWAT size reduction is associated with the appearance of small, multilocular adipocytes
(Elias et al., 1973; McCready et al., 2014; Rudolph et al., 2003). Work from Cinti and
colleagues has suggested that mature mgWAT adipocytes exhibit an unusual degree of
cellular plasticity as the mammary gland transitions to lactation, converting into secretory
mammary epithelial cells via a process called ‘adipoepithelial transdifferentiation’ (De
Matteis et al., 2009; Morroni et al., 2004; Prokesch et al., 2014). However, the relative
contribution of adipoepithelial transdifferentiation vs. cell size reduction vs. cell apoptosis
vs. another cellular event(s) is not yet clear and warrants further investigation.

An intriguing aspect of mgWAT biology is its ability to shuttle lipids to the adjacent
epithelial cells for milk synthesis during lactation. This “feeding’ phenomenon likely
explains why mammary adipocytes initially expand during pregnancy (to store extra lipids)
and then reduce in size during lactation (as the result of lipid shuttling to epithelial cells)
with the reduction being most prominent in cells positioned most proximal to the epithelium
(Bandyopadhyay et al., 1995; Bartley et al., 1981; Elias et al., 1973). Mammary epithelium
likely initiate this ‘feeding’ (Bandyopadhyay et al., 1995; Bartley et al., 1981), by sending
as-of-yet unknown ‘nutrient request’ signals. The exact mechanism of lipid ‘feeding’
remains to be investigated.

During the involution phase that follows lactation, mgWAT expands and large unilocular
adipocytes quickly re-establish (Rudolph et al., 2003). Although the mechanism of rapid
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post-lactation mgWAT expansion remains poorly understood, reverse ‘adipoepithelial
transdifferentiation” was proposed to account for it (Morroni et al., 2004; Prokesch et al.,
2014). Expansion of mgWAT also depends on active remodeling of the mammary gland
microenvironment, and involves activities of matrix-degrading proteases (Alexander et al.,
2001; Lilla et al., 2009; Lund et al., 2000; Lund et al., 1996; Selvarajan et al., 2001) and
tissue-resident macrophages (O’Brien et al., 2012). Further, mgWAT reemergence is
concomitant with epithelial programmed cell death, and delayed epithelial involution in
several genetic mouse models is associated with impaired adipocyte expansion, suggesting
that epithelial cell death may also provide stimulus for mgWAT dynamics or vice versa.
However, our understanding of both the cellular basis of mgWAT remodeling during
lactation cycles and the mechanisms controlling this activity remain incomplete and will be
an interesting area for further investigation.

What are the effects of mgWAT on mammary epithelium? Studies suggest that adipose
tissue strongly promotes epithelial cell growth by providing structural support and regulating
signals (reviewed in (Hovey and Aimo, 2010; Wang et al., 2010). /n vitro, co-culture of
mammary epithelial cells with either the 3T3-L1 adipocyte precursors or mammary adipose
explants demonstrate that adipocyte lineage cells promote epithelial proliferation and
branching, alveolar and ductal morphogenesis, and their functional differentiation into milk
protein-producing cells (Hovey et al., 1998; Levine and Stockdale, 1984, 1985; Pavlovich et
al., 2010; Wang et al., 2009; Wiens et al., 1987; Zangani et al., 1999). /n vivo, mammary
glands in A-Zjp mice, which lack mature adipocytes, have rudimentary epithelial ducts with
reduced branching and severe distention (Couldrey et al., 2002). Furthermore, induction of
generalized loss of adipocytes in the FAT-ATTAC mouse model during pubertal development
disrupts epithelial branching and terminal end bud formation, mediated by changes in
epithelial proliferation and apoptosis (Landskroner-Eiger et al., 2010). However, adipocyte
loss at a later time, 7 weeks of age, results in precocious differentiation of milk-producing
alveolar structures and expression of a milk protein gene (Landskroner-Eiger et al., 2010).
Collectively, these data suggest that mgWAT adipocytes are required at different points in
the mammary gland life cycle, including the initial growth and branching of the ducts,
maintenance of the ducts, and functional epithelial differentiation ahead of pregnancy.

The precise molecular mechanisms by which mgWAT and mammary epithelial cells interact
are not clearly understood. Many molecules released from mgWAT and other depots
influence epithelial cells—including prolactin, estrogen, insulin-like growth factor-I,
hepatocyte growth factor, leptin, adiponectin and others (reviewed in (Brisken and Ataca,
2015; Hovey and Aimo, 2010; Wang et al., 2008). A frequently studied example is prolactin,
which plays a major role in promoting milk production, and is expressed and released by
mgWAT (Ben-Jonathan and Hugo, 2015; Hugo et al., 2008; Zinger et al., 2003). While
prolactin receptor isoforms are expressed differentially by epithelial cells at various stages of
development, the receptor is also expressed by various stromal cells, including adipocyte
lineage cells (Hovey and Aimo, 2010). As another example, stroma-derived Wnt5a was
shown recently to enhance mammary epithelial stem cell expansion and inhibit ductal
branching /n vivo, while Wnt5b represses stem cell expansion (Kessenbrock et al., 2017),
implicating non-canonical WNT signaling. Whether adipocyte lineage cells participate in
providing these extracellular signals however, remains unknown. Cell specific deletion of
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ligands and receptors will be needed to fully untangle the signaling crosstalk between
adipocytes and epithelial cells in the mammary gland.

mgWAT also influences breast cancer promotion and invasion. Adipocytes in human breast
tumors, and those cultured with murine and human breast tumor cells, display decreased
adipocyte cellularity, lipid content, white adipocyte-associated gene expression, and in a
cohort of Chinese women—increased expression of brown adipocyte-associated genes
(DeFilippis et al., 2012; Dirat et al., 2011; Wang et al., 2014). Adipocytes and other stromal
cells surrounding several types of breast tumors additionally show repressed expression of
the lipid uptake receptor CD36, and depressed adipogenic capacity /n vitro (DeFilippis et al.,
2012). These findings suggest that epithelial cell malignancy in the breast may influence the
phenotype of surrounding adipocytes.

Emerging evidence suggests that cancer associated adipocytes (CAAS) can, in turn, regulate
tumor cells by providing lipids and cytokines (Tan et al., 2011). Interestingly, metastasis-
initiating epithelial breast cancer cells upregulate CD36 (Pascual et al., 2017), and CAAS
contribute lipid to tumor cells (Wang et al., 2017), illustrating another example of “lipid
feeding’ in the breast, this time promoting pathological behaviors. Lipids are released by
CAA:s in the mammary tumor microenvironment via the action of adipose triglyceride lipase
(ATGL), and are transferred to tumor cells in lipid droplets, where they activate metabolic
pathways that stimulate invasiveness (Wang et al., 2017). In addition to lipids, increased
expression of pro-inflammatory cytokines and secreted molecules also alter tumor cell
behavior (Dirat et al., 2011; lyengar et al., 2003). /n vitro studies have implicated IGF-1,
leptin, inflammatory cytokines including interleukin-6 (IL-6), autotaxin, and the p-
hydroxybutyrate, an inhibitor of histone deacetylases, in promoting breast cancer growth and
invasion (Benesch et al., 2015; D’Esposito et al., 2012; Dirat et al., 2011; Huang et al., 2017,
Santander et al., 2015; Surmacz, 2007; Volden et al., 2016). While these studies suggest that
a bidirectional interplay between adipocytes and cancer cells exists in the mammary gland,
the molecular signals that underlie this interaction are not fully understood /in vivo.

The dynamic behavior displayed by mgWAT during lactation cycles may also have
implications for breast cancer. Pregnancy-associated breast cancers, or breast cancers
diagnosed during pregnancy, lactation, and involution until 5 years postpartum, are more
aggressive and have poorer prognosis than other breast cancers (Callihan et al., 2013).
Several changes in the mammary stroma during lactation-cycles have been shown to
promote tumorigenesis and metastasis (Bemis and Schedin, 2000; McDaniel et al., 2006;
Schedin et al., 2007). These include changes to extracellular matrix components and
immune cells during involution (Lyons et al., 2011; Martinson et al., 2014), and adipocytes
during lactation (McCready et al., 2014). As many studies have shown the interconnected
nature of these stromal cell types in the breast, further research into the potential tumor
promotional role of mgWAT during lactation cycles holds great clinical promise.

Joint adipose tissue.

Distinct WAT depots reside in and around the joints (Figure 1). Examples of joint adipose
include that in the acetabular fossa of the hip joint and infrapatellar adipose in the knee joint.
In the hip joint, adipose occupies a large portion of the acetabular fossa and it prominently
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atrophies, undergoes fibrosis, necrosis and calcification upon hip degeneration (Sampatchalit
et al., 2009). The infrapatellar adipose pad, aka Hoffa’s adipose pad, is located within the
knee joint capsule (Gallagher et al., 2005). Similar to acetabular fossa adipose, the function
of Hoffa’s adipose pad is likely to cushion and reduce friction between adjacent skeletal
structures (Draghi et al., 2016). Intriguingly, infrapatellar adipose preserves even upon
extreme starvation, suggesting that its responsiveness to systemic stimuli is distinct from
other WAT depots, and that its primary role is biomechanical rather than energy storage
(Smillie, 1980). Evidence is also emerging for the signaling role of infrapatellar adipose in
knee joint pathologies, such as in osteoarthritis (loan-Facsinay and Kloppenburg, 2013). In
diseased joints, adipocytes secrete elevated levels of IL-6 cytokine and adipokines, including
adiponectin and leptin (Distel et al., 2009; Gandhi et al., 2011; Hui et al., 2012), and these
are thought to act as paracrine drivers of joint inflammation.

Bone marrow adipose tissue.

Bone marrow is the site of active adult hematopoiesis (Crane et al., 2017; Mikkola and
Orkin, 2006; Morrison and Scadden, 2014), and also harbors specialized bone marrow
adipose tissue (BMAT) that displays characteristics of brown and white adipose tissue
(reviewed in (Horowitz et al., 2017)). Within bone, BMAT exists in two distinct
compositions—constitutive and regulated (Scheller et al., 2015; Tavassoli and Crosby,
1970). Constitutive or “yellow” BMAT forms early in postnatal development in the distal
skeletal elements, such as distal tibia or tail vertebrae in mice and contains larger adipocytes,
while regulated or “red” BMAT forms later in development than constitutive BMAT, is
primarily found in more proximal skeletal regions and contains primarily hematopoietic
cells (Scheller et al., 2015).

Progenitor sources for BMAT and lineage relationships between adipocytes and other
mesenchymal bone marrow cells is a subject of ongoing investigation. Bone marrow harbors
diverse mesenchymal progenitors, many of which can be identified on the basis of Osterix
expression (Mizoguchi et al., 2014). Lineage tracing studies using Osterix-CreER
demonstrated that Osterix-expressing progenitors contribute to neonatal bone as well as
bone marrow stroma. Following radiation injury, these progenitors can also contribute to
adipocytes. BMAT progenitors can also be marked using Lepr-Cre (Zhou et al., 2014),
however, their lineage relationship with Osterix* mesenchymal progenitors remains unclear.
Independent of lineage studies, Ambrosi et al. (2017) identified multipotent bone marrow
mesenchymal stem cells (MMSCs), characterized by the cell surface marker profile
CD45~,CD31-,Scal*,CD24*. Intriguingly, this marker profile has been employed previously
to isolate ASCs from non-bone marrow adipose depots, including SWAT and dWAT (Berry
and Rodeheffer, 2013; Festa et al., 2011a; Rivera-Gonzalez et al., 2016a; Rodeheffer et al.,
2008a). These bone marrow mMSCs, however, have broader lineage potential than has so far
been observed in non-bone marrow ASCs. They display both adipogenic and osteo-
chondrogenic differential potential, depending on experimental conditions /n vitroand in
vivo (Ambrosi et al., 2017). Isolated mMSCs also express high levels of Cxc/12and Lepr.
The later marker suggests that mMSCs likely overlap and/or give rise to Lepr-Cre*
adipocyte progenitors. Cxc/12 expression indicates that mMSCs and likely Lepr-Cre*
progenitors overlap with CAR cells, another distinct mesenchymal lineage of the bone

Cell Metab. Author manuscript; available in PMC 2019 January 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zwick et al.

Page 11

marrow (Mizoguchi et al., 2014; Omatsu et al., 2010; Sugiyama et al., 2006; Zhou et al.,
2014). Taken together, the lineage relationship between adipogenic and non-adipogenic bone
marrow progenitors is complex, and future studies will be necessary to fully deconvolute it.

Multiple signaling factors likely regulate alternative fate selection by mMSCs, yet they
remain poorly understood. MicroRNA miR-188is one such lineage regulator, whose activity
shuttles mMSCs toward adipogenesis. Mice with deletion of miR-188display reduced bone
marrow adiposity, while miR-188 overexpression in Osterix+ cells results in greater adipose
accumulation in the bone marrow. At the signaling level, miR-188 likely promotes
adipogenesis by directly targeting and decreasing expression levels of histone deacetylase
Hdac9and Rictor, important regulators of bone metabolism (Li et al., 2015).

What is the functional significance of BMAT? In analogy with other WAT depots, BMAT
has been shown to function as an endocrine organ. Paradoxically, BMAT is expanded
following chronic calorie restriction in young women with anorexia nervosa in comparison
to healthy control patients and individuals who have recovered from anorexia (as reviewed
by (Fazeli et al., 2013)). Upon caloric restriction in mice, BMAT expands by approximately
40% and this is accompanied by increased serum levels of adiponectin (Cawthorn et al.,
2014). When caloric restriction is performed in mice overexpressing a soluble negative
regulator of adipogenesis, Wnt10b, in bone specific Osteocalcin® cells, BMAT fails to
expand and adiponectin serum levels fail to rise. This data suggests that adiponectin
secretion by BMAT is an important depot-specific response to caloric restriction. It functions
to systemically regulate skeletal muscle adaptation to energy restriction (Cawthorn et al.,
2014). In addition to caloric restriction challenge, BMAT also expands in response to aging,
obesity, and growth hormone deficiency (Ambrosi et al., 2017; Menagh et al., 2010).
Generally, adipose progenitors can proliferate in response to high-fat diet and this response
becomes pronounced in aged animals. Consistent with this, BMAT expands in volume
during aging and obesity, and high-fat diet challenge shifts mMMSCs lineage output in the
bone marrow toward adipocytes, although the response of BMAT to high fat diet is age-
dependent and variable (Horowitz et al., 2017). On the other hand, BMAT can decrease in
size in response to cold challenge. As compared to thermo-neutral conditions, exposure of
mice to 4°C leads to approximately 70% loss of BMAT in the proximal tibia, the region
characterized as red BMAT. At least in part, this BMAT volume loss is mediated via
lipolysis (Scheller et al., 2015).

BMAT function is also modulated by hormonal cues, particularly via parathyroid hormone
(PTH). Genetic ablation of parathyroid signaling via Phtlr deletion in PrxZ-Cre mice, which
targets mMSCs, including adipocyte progenitors, increases marrow adiposity in the distal
tibia (Fan et al., 2017). This is accompanied by a decrease in bone mass. Mechanistically,
loss of PTH signaling in mMSCs results in their preferential differentiation toward
adipocytes. Furthermore, acting indirectly, signaling crosstalk between marrow adipocytes
and osteoclasts likely stimulates bone resorption. PTH-mediated regulation of BMAT is also
conserved in humans. Treatment with PTH results in reduced BMAT in patients with
idiopathic osteoporosis, suggesting a possible therapeutic role for PTH signaling in reducing
marrow adiposity.
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In addition, BMAT controls hematopoiesis and its effect appears to be pleotropic and site-
dependent. In tail vertebrae of mice, which are rich in BMAT, hematopoetic stem cells
(HSCs) and short-term hematopoietic progenitors are reduced and display lower cycling
behavior as compared to other bone marrow regions with lower BMAT content (Naveiras et
al., 2009). Supporting the negative role of BMAT are competitive repopulation assay
experiments in A-Zjp mice and mice treated with a Ppary inhibitor, which lead to
accelerated marrow engraftment following irradiation (Naveiras et al., 2009). Further,
transplantation of adipose progenitors into the tibia of irradiated mice leads to increased
BMAT and results in decreased hematopoetic cell frequency (Ambrosi et al., 2017).
Negative regulation of hematopoiesis was found in this study to be confined to cells
committed to the adipocyte lineage, whereas their multipotent mMMSC precursors increased
hematopoietic recovery following irradiation. In contrast, study by Zhou et al. (2017b)
suggests that the effect of adipocytes on hematopoiesis varies across the skeleton, and that
unlike in tail vertebrae, adipocytes in long bones, in fact, promote HSC maintenance and
hematopoietic regeneration following irradiation. This positive effect of adipocytes on
hematopoiesis is likely mediated via stem cell factor, SCF (Zhou et al., 2017a). Given the
complexity of marrow mesenchymal cells and BMAT, additional molecular mechanisms that
control marrow adiposity and its function will be an exciting area of further exploration.

Plantar and palmar adipose tissue.

Another example of WAT with a primarily biomechanical role is located in feet and palms.
Plantar adipose consists of several pads and they are important in body weight distribution
and pressure attenuation (Fontanella et al., 2016). To better withstand high pressures,
adipocytes in plantar adipose distribute into distinct globules encapsulated by collagen- and
elastin-rich fibrous septa (Buschmann et al., 1995). In normal individuals, adipocytes within
globules are large and uniform in size, but become smaller concurrent with thickening of
septa upon fat atrophy, such as with age, in response to trauma or upon diabetes (Dalal et al.,
2015). Unlike plantar WAT, which is implicated in various foot pathologies, palmar fat has
been seldom studied. It has been reported, however, that the inter-metacarpal palmar adipose
pad is important for efficient hand grasping (Clavert et al., 2006).

Cardio-vascular adipose tissue.

Surrounding the heart are two prominent adipose depots, epicardial and pericardial WAT
(Figure 1) (lacobellis, 2009). Of these, epicardial adipose is particularly important in normal
heart physiology and in pathogenesis of cardio-vascular diseases (lacobellis, 2015).
Anatomically, it is located between the myocardium and the visceral layer of the
pericardium and covers approximately 80% of heart’s surface area (Rabkin, 2007). At the
cellular level, epicardial adipocytes are similar to white adipocytes in other WAT depots,
albeit they are generally small in size. Importantly, they express high levels of the UCP1
uncoupling protein (Sacks et al., 2009), indicating that they actively generate heat and likely
provide heart with thermal protection, in addition to mechanical cushioning. Epicardial
adipose also produces high levels of free fatty acids, that likely directly diffuse to the
adjacent myocardium and serve as an additional local energy source (lacobellis, 2015). This
feature of epicardial adipose parallels ‘feeding’ role of mgWAT in lactating mammary
glands. Furthermore, epicardial adipose has been shown to secrete multiple pro- and anti-
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inflammatory cytokines that can signal to and significantly affect the function of the nearby
heart muscle and coronary arteries (Mazurek et al., 2003; Yudkin et al., 2005). Changes in
the epicardial WAT, particularly its hypertrophy during obesity, have detrimental effects of
heart function. Excess epicardial adipose mass increases work demand on heart contraction
and contributes to cardiac hypertrophy (lacobellis et al., 2004). It also leads to adipose
infiltration of the myocardium and an increase in adipose-derived pro-inflammatory
signaling, both of which can have further detrimental effects on heart function (lacobellis,
2015).

Mesenteric adipose tissue.

Mesenteric WAT (mWAT) is a distinct VWAT depot located in the double fold of peritoneum
(Figure 1). Normally, it comes in contact with intestines at the site of mesentery attachment
(reviewed by (Tchkonia et al., 2013)), and it also plays an important role in the pathogenesis
of inflammatory bowel diseases, including Crohn’s Disease (CD) (Paeschke et al., 2017). In
particular, a prominent expansion of mWAT around the circumference of intestines, so-
called “creeping fat’, is a pathological hallmark of CD (Crohn et al., 1952; Desreumaux et
al., 1999). mWAT expansion in CD appears to primarily occur via hyperplasia, as it becomes
enriched for many small adipocytes. Also, in contrast to other visceral adipose depots,
MWAT expansion in CD is independent of patient’s BMI, indicating local rather than
systemic drivers (Kredel and Siegmund, 2014). While the pathogenesis of “creeping fat’ in
CD remains only partially understood, it is thought to be induced by the increased
penetration of bacteria from the intestinal lumen. Responding to bacterial products, such as
lipopolysaccharides, mWAT progenitors activate, undergo differentiation and increase
production of pro-inflammatory adipokines including IL-6, IL-1B, IL-17 and leptin (Batra et
al., 2012; Gewirtz, 2015; Peyrin-Biroulet et al., 2012). The latter contribute to the pro-
inflammatory signaling driving CD progression. Supporting a pro-inflammatory role of
‘creeping fat’, cultured mMWAT pre-adipocytes derived from CD and ulcerative colitis
patients expressed higher levels of pro-inflammatory cytokine mRNA in response to
stimulus than those from healthy patients (Sideri et al., 2015). ‘Creeping fat’ likely
represents an outcome of exaggerated innate immune response by mWAT to an abnormal
increase in bacterial invasion in the diseased gut with compromised epithelial barrier.
Normally, however, mMWAT likely plays an important defense function, aiding in detecting
bacterial translocation, producing anti-inflammatory cytokines and eliminating bacteria,
both via macrophage recruitment and via direct phagocytosis (Batra et al., 2012; Paeschke et
al., 2017; Peyrin-Biroulet et al., 2012). Importantly, this antibacterial defense function of
MWAT adipocytes in intestines closely parallels that of dWAT adipocytes in the skin.

Diversity of adipose depots in the natural world

Highly specialized WAT depots can be found in other mammalian species. Below, we briefly
highlight some of the most unique-looking WAT depots with the intention to emphasize the
diversity in adipose anatomy and function.

Cell Metab. Author manuscript; available in PMC 2019 January 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zwick et al. Page 14

Facial adipose tissue in orangutans.

Adult male orangutans feature the so-called facial flanges, shield-like folds of skin around
their faces. Anatomical studies show that flanges largely consist of expanded facial WAT
that closely associates with facial muscles (Figure 3A) (Winkler, 1989). Facial flanges in
male orangutans develop during adolescence and, although variable in size and shape, their
prominence correlates with systemic hormonal levels, natural habitat, and ranking with their
established societal hierarchy. Flanges are underdeveloped in immature males and in
females. Although the exact function of facial flanges remains unclear, behavioral evidence
suggests that their prominence signifies male’s reproductive fitness. Indeed, orangutan
females are less likely to mate with younger males lacking prominent facial flanges.

Acoustic adipose tissue in cetaceans.

Multiple cetacean species, including oceanic dolphins, utilize a highly sophisticated sonar
system to navigate and locate food in the depths of the ocean. The melon, a highly
specialized WAT and muscle-rich organ, constitutes the key component of their sonar
system. As the name suggests, the melon is roughly oval in shape. It is located underneath
the skin on top of the animal’s face and rests on a prominent skeletal structure.
Anatomically, it is placed in front of the blowhole, where ultrasound is generated by the so-
called phonic lips and surrounding chambers (Figure 3B). The melon has complex
microanatomy; it is rich in adipocytes and is intimately connected to multiple facial muscles,
whose contractile activity allows cetaceans to voluntarily control the melon’s shape and size
(Harper et al., 2008). Lipid analysis of the melon shows that it has distinct molecular
composition compared to traditional WAT depots, and it is enriched for short- and medium-
chain triglycerides and wax esters (Scano et al., 2006; Scano et al., 2005; Varansi et al.,
1975). Functionally, the melon is thought to act as an acoustic lens by collimating ultrasound
waves generated in the blowhole region and coupling acoustic energy to the seawater for
minimal energy loss during echolocation. It is also thought that the distribution and
composition of the melon’s lipids contributed to its acoustic properties but this speculation is
yet to be fully addressed.

Plantar adipose tissue in elephants.

Elephants, the largest extant terrestrial animal species, have column-like legs that feature
large plantar adipose pads at their base. Their foot skeleton almost entirely rests on these
adipose cushions that act to absorb shock during walking (Michilsens et al., 2009;
Weissengruber et al., 2006). Anatomy of plantar adipose in elephants is intricate—it
occupies the space both underneath and in between bones, muscles, and tendons, and
consists of metatarsal and digital compartments (Figure 3C). Histologically, both
compartments differ from one another. Digital WAT is fibrous and contains mostly
individually scattered unilocular adipocytes, while metatarsal WAT also contains adipocyte
clusters. Curiously, in addition to its shock absorbing function, plantar adipose has been
hypothesized to participate in the so-called “seismic” signal perception (O’Connell-Rodwell,
2007). Similar to some other terrestrial species, elephants are able to generate and sense low
frequency acoustic waves that preferentially spread through the ground over long distances
(O’Connell-Rodwell et al., 2000). Although the elephants’ ability to detect such low-
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frequency “seismic” signals is obvious from behavioral studies (O’Connell-Rodwell et al.,
2006), the perception mechanism remains unclear. It has been proposed that one way for
elephants to receive ground-based sound perception is through foot adipose and bone
conduction (O’Connell-Rodwell, 2007). Indeed, as mentioned above, aquatic mammals
prominently use modified WAT depots for sound conduction, and convergent evolution of
this function in elephants’ plantar adipose is likely.

Hump adipose tissue in camels.

Camels are well adapted to the desert environment and able to withstand prolonged heat of
up to 40°C, cope with significant water loss (Schmidtnielsen, 1959), and undergo prolonged
fasting (Bengoumi et al., 2005). Camels evolved prominent, and signature-looking WAT
depots on their back, commonly known as humps (Figure 3D). The Arabian camel (Camelus
dromedarius) has one hump, while Bactrian camel (Camelus bactrianus) and wild Bactrian
camel (Camelus ferus) have two distinct, prominent humps. WAT depots in the hump are
primarily used as energy stores (Mirgani, 1977) and their anatomy is thought to be an
adaptation against overheating in the desert environment—that is, by concentrating adipose
in the humps, camels minimize thermal insulation on the rest of the body and increase their
ability to dissipate heat.

Perspective

New studies on skin, mammary gland and bone marrow point toward several common
features of adipose depots that reside in close anatomical association with stem cell-rich
tissues (Figure 4). Owing to their prominent secretory profile, APs and mature adipocytes
naturally become important signaling centers within stem cell niches. Studies on HF
regeneration show how growth factors secreted by APs and adipocytes can either stimulate
or inhibit the activity of epithelial stem cells and the pace of hair cycle progression,
respectively. Similar roles have emerged for BMAT in regulating hematopoietic progenitors,
where the latter respond to adipose-derived growth factors and inflammatory cytokines.
Analogous signaling functions are expected for mgWAT in the mammary gland. Indeed,
mgWAT is essential for proper growth and differentiation of mammary epithelial cells, albeit
signaling regulators are not well understood. The ‘non-traditional’ role for adipose depots is
also fast-emerging in the disease context, where adipose-derived inflammatory cytokines
become essential drivers of the pathological tissue behaviors. For example, mgWAT
adipocytes mount tumor-promoting inflammatory signaling in breast cancer. In analogy,
inflammatory signaling by mesenteric adipocytes drives progression of CD in the intestine.

Signaling interactions between adipocyte lineage cells and adjacent tissues are reciprocal. In
normal skin, cycling HFs act as essential drivers of dWAT hypertrophy cycles, while in skin
wounds, HFs signal to induce formation of new adipocytes, leading to permanent dWAT
regeneration within scars. In the mammary gland, cyclic remodeling of mgWAT—adipocyte
hypertrophy during pregnancy and their emptying during lactation—is expected to be driven
by epithelial cell-derived signals, yet their molecular identity remains to be determined.
Analogous reciprocal signaling is expected in the bone marrow, where BMAT adipocytes
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likely respond to the multitude of factors produced both by the hematopoietic cells as well as
other diverse mesenchymal cell types with the niche.

Importantly, in addition to signaling inputs, tissue-associated adipose depots also supply
their associated tissues with nutrients (Figure 4). This adipose function is prominent in the
mammary gland, where mgWAT ‘feeds’ secretory apparatus of the gland during lactation,
and in the heart, where epicardial WAT ‘feeds’ adjacent myocardium. It will be intriguing to
learn if a similar ‘feeding’ behavior also evolved in other organs, such as in skin, between
dWAT adipocytes and cycling HFs.

When adipocytes come in close anatomical association with the skeleton, they commonly
assume biomechanical, shock-absorbent roles (Figure 4). As such, adipose tissue cushions
the eye globe within the socket, moving skeletal elements within the joints, and multiple
skeletal components in the feet. The latter function becomes prominent in animals of the
megafauna, such as elephants. Craniofacial adipose depots can also contribute to sculpting
facial features, which become essential for socialization via facial expressions in primates,
including humans.

Yet another important function of secondary WAT depots is in mounting innate antimicrobial
responses in organs that border the outside environment, skin and gastrointestinal tract
(Figure 4). In both organs, dWAT and mWAT respectively, are able to directly sense invading
bacteria and respond to their presence by phagocytosing them as well as secreting
antimicrobial peptides and inflammatory cytokines, that further recruit immune cells.
Antimicrobial responses by dWAT and mWAT depend on local depot hyperplasia.
Importantly, the ability to expand locally, either via hyperplasia or hypertrophy, out of
synchrony with major metabolic WAT depots, appears to be a general shared feature of
multiple secondary adipose depots. Indeed, dWAT expands locally in response to activated
HFs, while mgWAT expands locally in response to remodeled mammary gland epithelium.
Furthermore, many adipose depots, at least partially, uncouple from the systemic metabolic
demands, such as nutrient shortage. This feature enables them to perform their respective
tissue-specific functions in spite of natural and pathological fluctuations in systemic
metabolism.

Taken together, the picture emerges of bodily adipose consisting of multiple anatomically
discrete depots with diverse and, commonly, highly specialized functions. Recent studies
revealing the complexity of adipocyte biology, particularly in the skin, mammary glands and
bone marrow, herald a new chapter in adipose research with the focus shifting toward
recognizing adipose tissue as the major signaling, metabolic, biomechanical and innate
immune player both in normal organ physiology and in disease. Naturally, expanding
knowledge on tissue-specific roles for adipose tissue will lead to better understanding of the
impact it has in tissue aging and diverse diseases, including cancer, and will likely direct the
discovery of novel cellular and signaling therapeutic targets centered on adipocyte lineage.
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Figure 1: Anatomy of adipose depots.
(A, A”) In mouse skin, dermal WAT (dWAT) forms a continuous layer (shown in yellow)

separated from subcutaneous WAT (SWAT) by the panniculus carnosus muscle (shown in
green). This separation is not prominent in human skin, where dWAT is continuous with
underlying SWAT (orange) (A’). Dermal WAT closely associates with HFs and prominently
remodels during hair growth cycles. Lower portion of actively growing HFs (shown in red,
blue and green) resides within dermal WAT, in close contact with adipocytes. The upper
portion of the HF, housing the hair shaft, and containing the HF stem cell compartment and
sebaceous gland (shown in red and yellow, respectively) and in humans, a sweat gland
(maroon) are also shown. (B, B”) In the mammary gland, adipose tissue (yellow) closely
associates with the gland’s epithelium (purple) and undergoes cyclic remodeling during
pregnancy, lactation and involution. As shown on D, female mice have five mammary
glands, three thoracic (numbers 1, 2 and 3) and two inguinal (numbers 4 and 5), each with
its own adipose pads. (C) Specialized adipose tissue is associated with the bone marrow.
Micro-anatomically and functionally, it is subdivided into constitutive (yellow) and regulated
(red) depots. Adipocytes are shown in yellow, hematopoietic progenitors in green and other
mesenchymal bone marrow cell types in grey. Anatomic location of the following additional
adipose depots in mouse and human are shown: facial and retro-orbital, epicardial, joint,
mesenteric, and plantar adipose tissues.
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Figure 2: Cellular and signaling basis for dermal WAT remodeling.
(A) Dermal WAT remodels in parallel with the hair growth cycle. dWAT peaks in thickness

during the anagen phase, when HFs are actively growing and their proximal segments
closely contact with adipocytes. dWAT contains several generations of adipocytes, earlier
formed cells (yellow), that remain from the previous cycle, and later formed cells (orange),
that differentiate from progenitors (blue) during new cycle. In each cycle, ~20% of
adipocytes form anew from the progenitors. Anagen HFs stimulate dWAT hypertrophy and
hyperplasia via several paracrine ligands for Hedgehog, BMP and, possibly IGF pathways.
(B) dWAT quickly reduces in size during catagen phase, primarily via lipolysis. Signaling
mechanism of catagen-associated lipolysis remains poorly understood. It likely involves loss
of pro-adipogenic signaling factors, such as Shh, that are abundant during anagen, and/or
production of new anti-adipogenic factors. Associated with catagen is also proliferative
expansion of adipose progenitors. Early stage CD24* ASCs (blue) proliferate to give rise to
CD24~ late stage progenitors, pre-adipocytes (green). Driving progenitor expansion is
autocrine Pdgfa signaling. (C) dWAT reaches is smallest size during telogen phase. During
early, aka refractory telogen, dermal adipocytes express BMP ligands that signal to maintain
quiescent state of resting HFs. Other adipose-derived hair cycle inhibitors likely exist during
this phase. (D) During late, aka competent telogen dermal adipocytes cease to express BMP
ligands and telogen HFs become “alert”, able to quickly enter new anagen upon stimulation.
Pdgfa, produced by adipose progenitors, can directly signal to stimulate new hair cycle entry
by telogen HFs. Other adipose-derived hair cycle activators likely exist during this phase.
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Figure 3: Examples of specialized adipose depots in mammals.
(A) Male orangutans display prominent fat-filled facial flanges (credit: Eric Kilby). Flanges

develop in adulthood and are largely absent in adult females (credit: Victor Ulijn) and
pubescent males. They are thought to determine hierarchical status, dominance and
successful reproductive fitness with estrus females. (B) Cetaceans, including the bottlenose
dolphin (shown here) utilize melon, specialized adipose-containing tissue for echolocation
(credit: William Warby). Ultrasound is generated in the so-called phonic lips (green), and
sound waves travel and collimate in the melon located above maxilla (yellow). Upon
echoing, incoming sound waves pass through the adipose-filled mandible and are perceived
by the auditory bullae (light green). (C) Elephants evolved prominent plantar adipose
(yellow) that aids in dissipating pressure (credit: Aotaro). Similar to other species, plantar
adipose protects adjacent skeletal structures from mechanical shock during gating and
walking. (D) Hump in camels contain adipose tissue, that has adaptive role in the desert
environment (credit: Tony Hisgett). Upon periods of fasting, camels mobilize fatty acids
from hump stores. Unique positioning of the adipose tissue in the humps, away from the
body core, prevents camels from overheating.
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Figure 4: Diverse functions of tissue-associated adipose depots.
Distinct functions of adipose tissue are represented as color-coded segments on the diagram.

Paracrine signaling function of adipose in skin, mammary gland and bone marrow is in red,
innate immune function of adipose in skin and intestine is in green, biomechanical function
of skeleton-associated adipose is in blue, sound modulating function of melon adipose in
cetaceans is in purple, and lipid ‘feeding” function of epicardial and mammary gland adipose
is in yellow. Mechanisms that require further confirmation are designated with the question
mark.
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