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Adipocytes in Skin Health and Disease

Guillermo Rivera-Gonzalez1, Brett Shook1, and Valerie Horsley

Department of Molecular, Cellular and Developmental Biology, Yale University, New Haven,
Connecticut 06520

Correspondence: valerie.horsley@yale.edu

Adipocytes are intimately associated with the dermal compartment of the skin, existing in a
specialized dermal depot and displaying dynamic changes in size during tissue homeostasis.
However, the roles of adipocytes in cutaneous biology and disease are not well understood.
Traditionally, adipocytes within tissues were thought to act as reservoirs of energy, as thermal,
or as structural support. In this review, we discuss recent studies revealing the cellular basis of
the dynamic development and regenerative capacity of dermal adipocytes associated with
the hair cycle and following injury. We discuss and speculate on potential roles of dermal
adipocytes in cutaneous biology with an emphasis on communication during hair follicle
growth and wound healing. Finally, we explore how alterations in the dermal adipose tissue
may support clinical manifestations of cutaneous diseases such as lipodystrophy, obesity, and
alopecia.

ADIPOCYTE DEVELOPMENT AND
HOMEOSTASIS IN THE SKIN

In mammals, white adipose tissue (WAT) forms
at specific bodily sites or depots. Major sites of

adipocyte development include the visceral de-
pot in the abdomen, subcutaneous adipocytes
below the skin, and dermal adipocytes within
the dermis of the skin (Gesta et al. 2007). The
timing of adipocyte formation and gene expres-
sion patterns is different between distinct adi-
pose depots (Gesta 2006). Mature dermal adi-
pocytes form postnatally after the formation of
the hair follicle (Hausman et al. 1981). However,
adipocyte precursor cells are present in murine
embryonic skin by E14 (Wojciechowicz et al.
2013) and cells expressing C/EBPa, which can

control adipocyte differentiation, exist within
the dermis of mouse skin a few days before birth
(Wojciechowicz et al. 2008), suggesting that ad-
ipocyte precursor cells exist in the skin during
the formation of the dermis.

The developmental origin of adipocytes has
not fully been defined. Genetic lineage tracing
using mice expressing Cre recombinase under
the control of the Sox10 promoter, expressed in
neural crest cells, revealed that many mesenchy-
mal cell types including cephalic adipocytes in
the salivary gland and ear are of neural crest
origin, but not adipocytes in trunk depots,
such as subcutaneous adipocytes (Le Douarin
2004). Recent studies have shown that Pdgfr-a
expressing cells form adipocytes during devel-
opment in several depots (Fig. 1) (Berry and
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Rodeheffer 2013). However, because Pdgfr-a
is expressed by multiple mesenchymal lineages
(Karlsson et al. 1999; Collins et al. 2011), the
precise developmental origin of dermal adipo-
cytes is unknown.

Classic studies in the 1950s studying the
death and regrowth of the postnatal hair follicle
noted that the dermal adipocyte layer dramat-
ically changes its thickness in synchrony with
the spontaneous regeneration of the hair follicle
(Fig. 2) (Chase et al. 1953). The hair follicle is
maintained by cyclic growth (anagen), death
(catagen), and quiescent (telogen) stages dur-
ing its maintenance. The initiation of hair re-
growth involves the activation of epithelial stem
cells in the bulge region of the hair follicle (Cot-
sarelis et al. 1990; Blanpain et al. 2004; Zhang
et al. 2009) and their interaction with mesen-
chymal cells in the dermal papillae (Jahoda et al.
1984; Rompolas et al. 2012). During hair follicle
morphogenesis, lipid-filled dermal adipocytes
surround the growing hair follicle (Fig. 2). On

follicular regression, the adipocyte layer dimin-
ishes to a thin layer of mature adipocytes under-
neath the dermal papillae. Following initiation
of hair follicle growth, the size of the dermal
adipocyte layer expands.

The dynamic nature of dermal adipocytes
during the hair cycle is controlled in part by
the formation of new mature adipocytes by im-
mature adipocyte precursorcells (Fig. 1). Imma-
ture adipocyte lineage cells can be identified
based on their expression of CD34, CD29, and
Sca1 (Rodeheffer et al. 2008; Festa et al. 2011;
Berry and Rodeheffer 2013). Labeling of prolif-
erative cells during the initiation of hair growth
revealed that immature adipocyte precursorcells
are activated to proliferate in parallel with the
hair cycle and new mature adipocytes are
formed by proliferative cells (Festa et al. 2011).
Furthermore, treatment of mice during the ini-
tiation of hair growth with a pharmacological
inhibitor of a key adipogenic transcription fac-
tor, PPARg, blocks the growth of dermal adipo-
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Figure 1. Mechanisms of adipose tissue growth. Adipose tissue growth can occur through two different mech-
anisms: adipogenesis and hypertrophy. Adipogenesis generates new mature adipocytes through proliferation
and differentiation of proliferative adipocyte precursor cells (identified by the cell surface markers Lin-, CD34,
CD29, Sca1, CD24, and PDGFR-a). These cells give rise to preadipocytes that lose CD24 expression and begin to
express higher levels of adipogenic transcription factors such as PPARg. Preadipocytes differentiate into post-
mitotic mature adipocytes and can grow in size as they fill with lipid during hypertrophy. Mature adipocytes
express perilipin and secrete adipokines that have the potential to impact skin biology.
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cytes during the hair cycle. Thus, adipogenesis
within the dermal adipocyte depot occurs in
parallel with the hair follicle cycle.

Adipogenesis of dermal adipocytes also oc-
curs following injury (Schmidt and Horsley
2013) as the ensuing wound-healing process re-
pairs epidermal and dermal integrity and com-
position to its original structure (Fig. 3) (Alexaki
et al. 2012; Forcheron et al. 2012; Riccobono et al.
2012; Schmidt and Horsley 2013). Immediately
following a skin injury, the inflammatory re-
sponse protects the damaged skin from external
pathogens and clears cellular debris created by
the injury (Delavary et al. 2011). Immune cells
initiate the proliferative response by which ker-

atinocytes and fibroblasts proliferate and mi-
grate to restore the epidermal barrier and initiate
dermal repair, respectively. Adiponectin- and
perilipin-expressing adipocytes repopulate skin
wounds during the proliferative stage of healing
concomitant with fibroblast activation and mi-
gration (Schmidt and Horsley 2013). This re-
population of adipocytes following wounding
is associated with proliferation of adipocyte pre-
cursor cells and can be inhibited by pharmaco-
logical inhibition of PPARg, indicating that adi-
pogenesis occurs during wound healing.

In general, the cellular and molecular path-
ways that promote adipogenesis in vivo are not
well understood. The dynamic nature of dermal
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Figure 2. Changes in dermal adipose tissue during the hair follicle cycle. During the transition of the hair follicle
from rest (telogen) to growth (anagen), dermal adipose tissue increases in size via activation of immature
adipocyte precursor cells. These cells generate an increased number of adipocytes that, via hypertrophy, grow
in size to surround the hair follicle during anagen. As the hair follicle regresses (catagen), dermal adipose tissue
significantly decreases in size via unknown mechanisms.
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Figure 3. The role of adipocytes in wound healing. Wound healing occurs in four main stages: injury, inflam-
mation, proliferation, and remodeling. Immediately after wounding, platelets generate a clot that prevents blood
loss and generates a scab. Over the next few days, immune cells infiltrate the wounded area to clear debris. During
the proliferation phase, growth factors and signaling molecules promote proliferation and migration of kerati-
nocytes to reseal the epithelial barrier. Concurrent but independent of the keratinocyte-mediated proliferative
phase, adipocyte precursor cells are activated to generate mature adipocytes, which along with fibroblasts repop-
ulate thewound bed, leading to production of extracellular matrix and wound closure. The ensuing remodeling of
wound bed extracellular matrix (ECM) can last several weeks. When the production of newly generated mature
adipocytes is prevented, fibroblast migration into the wound bed is severely reduced, leading to diminished ECM
production. Whereas re-epithelialization is normal in the early wound healing process in the absence of adipo-
cytes, dermal defects cause deficiencies in the long-term wound integrity leading to wound recurrence.
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adipocytes during the hair cycle and wound
healing is distinct from the slow turnover of
adipocytes within other depots (Spalding et
al. 2008), suggesting that distinct mechanisms
within the skin control dermal adipogenesis. Al-
though adipocyte precursor cells within visceral
and subcutaneous adipose tissue can be activat-
ed following stimulation ofb-adrenergic signal-
ing and high fat diet feeding of mice (Joe et al.
2009; Lee et al. 2012), the mechanisms by which
these stimuli activate adipogenesis have not been
identified. Several in vitro studies using adipo-
genic fibroblast cell lines have implicated several
signaling pathways in regulation of adipocyte
fate. BMP signaling promotes adipogenic differ-
entiation of the fibroblast cell line, C3H10T1/2
(Huang et al. 2009). In contrast, Wnt signaling
prevents adipogenic differentiation of fibroblast
cell lines (Ross et al. 2000) via repression of two
key transcription factors involved in adipogenic
differentiation, PPARg and C/EBPa (Christo-
doulides et al. 2009). Adipogenic potential of
these cell lines is blocked by Hedgehog signaling,
which increases differentiation of fibroblast cells
to nonadipogenic cell types such as bone (Spi-
nella-Jaegle et al. 2001). Whether these nutrition-
al and signaling pathways influence the activation
and maturation of immature adipogenic cells
within adipocyte depots including the dermal
depot of the skin has yet to be determined.

The differentiation of adipocytes into ma-
ture lipid-filled cells occurs through a tran-
scriptional network that involves multiple tran-
scription factors and leads to lipid filling (Rosen
and Spiegelman 2006). Inactivation of AP1 and
KLF, transcription factors expressed at early
stages of the differentiation process, results in
poor adipocyte differentiation of adipogenic
cell lines (Herrmann et al. 2003; Oishi et al.
2005). The most crucial set of events in preadi-
pocyte differentiation is the activation of CREB
followed by the induction of C/EBP and PPARg
(Tontonoz et al. 1994; Yeh et al. 1995; Zhang
et al. 2004). Preadipocytes enter the cell cycle
and C/EBP becomes active to stop clonal ex-
pansion, followed by PPARg expression to ini-
tiate the expression of several lipogenic genes
(Morrison and Farmer 1999; Tang et al. 2003).
Transgenic AZIP mice expressing a dominant

negative form of C/EBP under the control of
the FABP4 promoter abrogates the formation of
mature white adipocytes in all adipocyte depots
including the skin, supporting the importance
of C/EBP in adipocyte formation in vivo (Moi-
tra et al. 1998). PPARg is also essential for ma-
ture adipocyte formation in the skin as indicat-
ed by the ability of pharmacological antagonists
of PPARg to block adipogenesis associated with
the hair cycle and wound healing. The inhibi-
tion of adipogenesis in these mice has revealed
novel aspects regarding the function of adipo-
cytes in the skin as discussed below.

THE FUNCTION OF DERMAL ADIPOCYTES
DURING HAIR REGENERATION

Several mouse models with defects in dermal
adipose tissue have revealed regulatory roles
for dermal adipocytes during the hair cycle.
Mice expressing transgenes or lacking genes in-
volved in fatty acid (FA) biology display defects
in both dermal adipose tissue and hair growth
(Jong et al. 1998; Chen et al. 2002; Herrmann
et al. 2003; Stone et al. 2004; Weger and Schlake
2005). Furthermore, mice lacking EGFR show
a delayed entry into anagen as well as a reduced
number of dermal adipocytes (Maklad et al.
2009). Although dermal and epidermal defects
occur in these mouse models, because these
mutations affect multiple cell types in the skin,
the precise role of adipocytes in the skin was not
revealed from these studies.

Mice with defects in adipogenesis, either
through the short-term pharmacological inhi-
bition of PPARg during adipogenesis or by ge-
netic deletion of the transcription factor Ebf1
revealed a role for immature adipocytes in the
promotion of hair cycling. Although Ebf1 is ex-
pressed within the dermal papillae during hair
growth, transplantation of WT follicles onto ad-
ipocytes of Ebf1 null mice blocked hair follicle
growth, suggesting that hair growth defects in
Ebf1 null mice are attributable to adipocyte dys-
function. Adipocyte lineage cells are also suffi-
cient to drive precocious entry into anagen in
resting follicles (Festa et al. 2011). Taken togeth-
er with the abilityof hair follicles to cycle in AZIP
mice, which lack mature adipocytes, these data
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indicate that adipocyte precursor cells promote
the initiation of hair growth.

Several signaling molecules have been im-
plicated in the control of hair cycling includ-
ing bone morphogenic proteins (BMPs) (Plikus
et al. 2008; Rendl et al. 2008), fibroblast growth
factor (FGF) (Rendl et al. 2005; Weger and
Schlake 2005; Greco et al. 2009), platelet-derived
growth factors (PDGFs) (Karlsson et al. 1999),
and Wnt molecules (Millar 2006; Kobielak et al.
2007; Enshell-Seijffers et al. 2010). Dermal adi-
pocytes have been shown to express both BMP
and PDGF molecules (Plikus et al. 2008; Festa
et al. 2011). Mice with defects in adipogenesis
display decreased PDGF signaling and hair
growth initiation can be rescued in Ebf1 null
mice by dermal implantation of PDGF-a coated
beads (Festa et al. 2011). This potential role of
adipocyte-derived PDGF-a is corroborated by
delayed hair follicle growth in Pdgf-a-KO mice
(Karlsson et al. 1999). Mature adipocytes also
express BMP molecules, which are essential for
anagen induction (Plikus et al. 2008). Analysis
of hair growth in mice harboring adipocyte-
specific deletion of key signaling factors will fur-
ther reveal the role of adipocyte precursor cells
during hair cycling.

ADIPOCYTES DURING SKIN WOUND
HEALING

Several studies have revealed that the coordinat-
ed interplay between immune, epithelial, and
fibroblast cells is essential for acute wound heal-
ing in the skin (Jackson et al. 2012). Analysis
of mice with defects in adipogenesis revealed
that adipocyte precursor cells also participate
in the coordination of skin repair following
injury (Fig. 3). AZIP mice, which lack mature
white adipocytes, display defects in fibroblast
recruitment into wound beds. Pharmacological
inhibition of adipogenesis during wound heal-
ing also prevents fibroblast recruitment during
wound healing. In vitro, fibroblast migration is
significantly enhanced in the presence of adi-
pocyte-conditioned media, suggesting that fac-
tors secreted by newly generated adipocytes are
critical for proper fibroblast recruitment into
the wound bed (Schmidt and Horsley 2013).

Whereas no detectable differences in re-epi-
thelialization, revascularization, or immune
cell biology occurs in wounded skin of mice
with defects in adipogenesis, fibroblast defects
in these mice ultimately result in decreased ECM
deposition and wound instability (Schmidt and
Horsley 2013). Thus, adipocytes promote fibro-
blast function during wound healing in the skin.

Interestingly, transplantation of mesenchy-
mally derived cells that have adipogenic poten-
tial can enhance skin wound healing (Konno
et al. 2013). Cells residing in the stromal fraction
of adipose tissue have been shown to contribute
to improved skin wound healing repair. Injec-
tion of mesenchymally derived cells that are
Lin2 and express Sca-1, CD29, CD44, CD105
into healing wounds have been shown to en-
hance cutaneous wound healing and reduce
scar formation (Jackson et al. 2012), yet the
mechanisms and the fate of engrafted cells are
poorly understood. Adipose-derived stromal
cells have been reported to increase the rate of
re-epithelialization and blood vessel density in
skin wounds (Alexaki et al. 2012; Forcheron
et al. 2012; Huang et al. 2012; Riccobono et al.
2012). Additionally, transplantation of adipose-
derived stromal cells into wound beds has been
reported to change the phenotype of wound
bed macrophages from pro- to anti-inflamma-
tory (Ziboh et al. 1986; Jiang et al. 2013). Be-
cause mesenchymal cells can produce both fi-
broblast and adipocyte fates in vitro (Uezumi
et al. 2011), it will be interesting to determine
whether transplanted mesenchymal cells gener-
ate adipocyte lineage cells to enhance the wound
healing process.

ADIPOCYTES DURING SKIN AGING

With age, skin undergoes a continual degener-
ation of multiple structural and functional char-
acteristics, which may be linked to changes in
dermal adipocytes. Whereas increases in visceral
fat occur with age, other adipose tissue depots
shrink during aging (Kuk et al. 2009; Tchkonia
et al. 2010), including dermal adipose tissue
(Luo et al. 2002; Tyner et al. 2002; Sun et al.
2004; Kondratov et al. 2006; Kuk et al. 2009;
Tchkonia et al. 2010; Treiber et al. 2011; Bilkei-
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Gorzo et al. 2012). The papillary dermis also
continually declines in thickness, which is char-
acterized by decreased cellularity and a reduc-
tion in collagen deposition (Ashcroft et al. 1997;
Varani et al. 2001). Given the possibility of a
common fibro/adipogenic progenitor (FAP)
in the skin, the shrinking of both the fibro-
blast-rich papillary dermis and the dermal adi-
pose tissue may be linked. Alternatively, age may
alter these dermal regions independently by al-
tering the homeostasis of independent progen-
itor populations.

Another major change with age in the skin is
the number of immune cells within the dermis
with some cell populations elevated whereas
others decreased (Thiers et al. 1984; Giangreco
et al. 2008; Khavkin and Ellis 2011; Zouboulis
and Makrantonaki 2011). These changes have
been shown to alter the potential of follicular
stem cells by directly signaling via Stat3 (Doles
et al. 2012). Given the ability of immune cells
to influence adipocyte biology during obesity
(Kanneganti and Dixit 2012; Schipper et al.
2012; Winer and Winer 2012), these changes
in inflammation during age may also contribute
to a reduction in dermal adipocytes.

An age-related attenuation of interfollicular
epidermal function may also be linked to chang-
es in dermal adipocytes. Epidermal barrier func-
tion declines with age resulting in increased per-
meability and water loss. A reduction in lipids in
the stratum corneum and abnormal cholesterol
synthesis has been implicated in these changes
(Grove and Kligman 1983; Rogers et al. 1996). If
dermal adipocytes are a local source of lipids
within the skin, age-related changes in adipocyte
biology may reduce an important lipid pool
within the skin, contributing to stratum corne-
um defects.

The function and growth of epidermal ap-
pendages such as the hair follicle also dwindle
with age. Hair loss is associated with accelerated
aging phenotypes in mouse models and normal
aging in humans (Harrison and Archer 1988;
Courtois et al. 1995; Tyner et al. 2002; Trüeb
2005; Kondratov et al. 2006; Geyfman and An-
dersen 2010). Given the ability of immature
adipocyte lineage cells to activate hair growth
(Festa et al. 2011), a decline in adipogenesis

in the skin may contribute to hair phenotypes
associated with aging. Whereas the dynamic
behavior of adipocyte lineage cells in aged skin
has not been examined, immature adipocyte
replication and adipogenesis declines with age
in other depots (Djian et al. 1983; Kirkland et al.
1990; Schipper et al. 2008; Cartwright et al.
2010). The reduction in dermal adipose tissue
with age suggests that adipocyte precursor cells
may be lost or lose activity with age. Future work
examining the self-renewal and activation po-
tential of adipocyte precursor cells with age
and a possible link with hair follicle mainte-
nance will be an interesting area of future inves-
tigation.

In addition to these changes to skin homeo-
stasis, wound healing in aged skin is slow and
inefficient (Ashcroft et al. 1997, 2003; Gosain
and DiPietro 2004). Proliferation of keratino-
cytes, fibroblasts, and endothelial cells is reduced
in aged skin after wounding, resulting in defec-
tive re-epithelialization, collagen synthesis, and
revascularization with age (Puolakkainen et al.
1995; Swift et al. 1999; Reed et al. 2001; Gosain
and DiPietro 2004). Given the significance of
adipocytes during wound healing (Schmidt
and Horsley 2013), future studies examining
the activation and molecular signals generated
from adipocytes during wound healing could
have tremendous translational value.

POTENTIAL LINKS BETWEEN HORMONES
AND ADIPOCYTES IN THE SKIN

The homeostasis and function of white adipose
tissue and skin biology can be altered by a wide
varietyof hormonal changes suggesting a poten-
tial role for hormones and dermal adipocytes in
skin homeostasis. In particular, hypothalamic
production of thyroid (TH) and growth hor-
mone (GH) has key roles in the regulation of
WAT function (Carmean et al. 2013). Defective
TH signaling increases adipocyte differentiation
of preadipocyte 3T3L1 cells (Mishra et al. 2010)
and in vivo WAT formation in mice (Ying et al.
2007). On the other hand, GH has been impli-
cated in the regulation of lipolysis through acti-
vation of Stat5 within mature adipocytes (Fain
et al. 1999; Moller et al. 2009).
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Both of these hormones can also alter skin
biology. Although the effect of TH on dermal
thickness remains controversial (Safer 2011),
TH treatment can increase dermal fibroblast
proliferation and diminish collagen and fibro-
nectin production (de Rycker et al. 1984; Mu-
rata et al. 1987). Administration of TH to mice
also shortens telogen and anagen phases (Hale
and Ebling 1979). Topical TH administration
results in increased hair counts (Safer et al.
2001), whereas intraperitoneal TH shows the
opposite result (Safer et al. 2003). Transgenic
expression of GH can also change skin physiol-
ogy by promoting skin growth and fibrosis. In-
terestingly these effects are only observed in
males, suggesting a possible interaction with an-
drogens (Wanke et al. 1999). Examining the po-
tential role of these hormones in dermal adipo-
cytes may reveal aspects of these physiological
changes that are controlled by adipocytes.

Additional systemic hormones may play a
role in governing skin homeostasis by altering
dermal adipose tissue. Deletion of estrogen re-
ceptor a (ERa) in mice leads to obesity (Heine
et al. 2000), caused by adipocyte hyperplasia
(Heine et al. 2000) and hypertrophy (Cooke
et al. 2001; Penza et al. 2006). Estrogen has plei-
otrophic roles on hair regeneration; it has been
proposed to postpone the anagen–telogen
transition, thereby increasing hair growth (De-
plewski and Rosenfield 2000), but also to pro-
mote early entry into catagen and delay the
transition from telogen into anagen (Chanda
et al. 2000; Hu et al. 2012). Whether adipocytes
in the skin are a source of estrogen that controls
hair regeneration will be an interesting area of
future investigation.

Androgens also play a pivotal role in adipose
and skin biology. Mice that express enhanced
levels of the androgen receptor (AR) show de-
creased fat mass and adipocyte size (Blouin et
al. 2009; Semirale et al. 2011) by preventing the
commitment of preadipocytes (Chazenbalk
et al. 2013), promoting lipolysis (Blouin et al.
2009) and blocking preadipocyte proliferation
(Fujioka et al. 2012). Androgens induce epider-
mal hyperplasia and affect the skin’s barrier
function (Kao et al. 2001). In the hair follicle,
androgens play an important role in the regula-

tion of hair growth, altering the duration of an-
agen and telogen phases of the hair follicle cycle.
Androgens display pleiotrophic roles in humans
depending on the region of skin. Androgens can
promote hair follicle enlargement in some areas,
mainly hair follicles associated with secondary
sexual characteristics, while miniaturizing hair
follicles in the scalp area (Rosenfield 2005).
Whether a link exists, the role of androgen sig-
naling in adipocyte regulation and regeneration
of the hair follicle is now known.

Although the effects of estrogen and andro-
gen are well characterized in the adipose depots,
their role in the interplay between dermal adi-
pocytes and the hair follicle and other cell types
in the skin has not been explored to date. Of
particular interest are specific roles of these sys-
temic factors on dermal adipocytes and how
alterations in dermal adipocytes by sex hor-
mones can alter skin biology.

POTENTIAL ADDITIONAL ROLES OF
ADIPOCYTES IN THE SKIN

One of the main roles of white adipocytes is the
storage of fatty acids from the diet, which can be
released and used for energy. Within adipocytes,
the process of lipolysis hydrolyzes triglycerides
into free FA, which can be transferred to sur-
rounding cells (Zimmermann et al. 2004). Al-
though keratinocytes can generate FA (Khnykin
et al. 2011), dietary FAs are necessary for cuta-
neous biology and it is tempting to speculate
that dermal adipocytes provide a local source
of fatty acids within the skin. Two essential
FAs that must be obtained from the diet, linoleic
acid and a-linoleic acid, and FAs found in fish
oil, plants, or systemic delivery of labeled FAs,
have been found in epidermal cells (Reynolds
et al. 1978; Ziboh et al. 1986; Schürer et al.
1994). In addition, defects in FA transporters
can lead to skin barrier defects in mice and ich-
thyosis in humans (Khnykin et al. 2011), sup-
porting an essential role for fatty acids in skin
function.

Many tissues can use FAs for energy by
means of b-oxidation. Analysis of metabolic
pathways in isolated hair follicles revealed that
aerobic glucose oxidation rather than b-oxida-
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tion is predominantly used during follicular
growth (Philpott and Kealey 1991). However,
fatty acids can provide some energy to fuel
hair follicle growth, suggesting that hair follicle
cells are capable of b-oxidation. Moreover, L-
carnitine, an essential cofactor for b-oxidation,
is capable of prolonging the growth stage of the
hair follicle (Foitzik et al. 2007) and promotes
skin wound healing (Pola et al. 1991). Addition-
al evidence for the importance of fatty acid me-
tabolism in the skin is the increased activity of
the fatty acid enzyme CPT1 in psoriasis. Block-
ing CPT1 activity, key for b-oxidation, reduces
keratinocyte differentiation and proliferation in
psoriatic skin (Caspary et al. 2005). These find-
ings support a role for fatty acid metabolism
in fueling cellular processes in the skin and its
appendages. Although recent reports implicate
lipid metabolism in adult neural stem cell pro-
liferation and hematopoietic stem cell mainte-
nance, future studies are needed to determine
whether lipid metabolism regulates cutaneous
cell biology (Ito et al. 2012; Knobloch et al.
2013).

Another major role of WAT is the secretion of
molecules called adipokines, which mediate au-
tocrine or paracrine functions within adipose
tissue or other tissues, respectively. Two of the
main adipokines, leptin and adiponectin, are
expressed by adipocytes and regulate food in-
take, metabolism, insulin resistance, and adi-
pose tissue homeostasis (Lafontan 2012; Raucci
et al. 2013). Dermal adipocytes express leptin
(Murad et al. 2003) and the leptin receptor is
expressed in both keratinocytes and dermal cells
including the dermal papilla (Glasow et al. 2001;
Iguchi et al. 2001; Stallmeyer et al. 2001; Takaha-
shi et al. 2010). Leptin can stimulate keratino-
cyte proliferation and re-epithelialization of
skin wounds (Frank et al. 2000; Shibata et al.
2012) and injection of antileptin antibodies
into skin wounds reduced fibroblast function
during healing (Murad et al. 2003). Although
skin-associated adipocytes have been reported
to express leptin, whetherothercell types express
leptin or systemic leptin from other adipocyte
depots can affect skin biology is not known.

Adiponectin is a well-known adipokine with
functional activity in the skin. Adiponectin is

able to regulate growth and differentiation of
the human keratinocyte cell line HaCaT, pos-
sibly through the regulation of TGF-b, which
suggests that adiponectin may act during wound
healing (Kawai et al. 2008). Supporting this
theory, adiponectin can regulate the expres-
sion of several cytokines that activate the im-
mune system (Takahashi et al. 2010) and can
modulate keratinocyte proliferation and migra-
tion through the ERK signaling pathway (Shi-
bata et al. 2012). Moreover, adiponectin recep-
tors are expressed in cultured dermal cells
(Akazawa et al. 2011) and adiponectin can pro-
mote hair growth in vitro (Won et al. 2012),
hinting at the possibility that adiponectin de-
rived from dermal adipocytes might also regu-
late hair follicle biology.

In addition to known adipokines, adipo-
cytes are known to express other molecules that
regulate cutaneous biology. IL-6, a well-known
adipokine, is also expressed by epithelial cells
in the skin, causing a thickening of the stratum
corneum, whereas the differentiation program
remained unaltered (Turksen et al. 1992). IL-6
knockout mice also displayed delayed hair
growth and epidermal barrier defects (Wang et
al. 2004). Adipocytes also express molecules
such as nerve growth factor (NGF) and TGF-b
(Samad et al. 1997; Peeraully et al. 2004), which
can have opposite effects in keratinocyte prolif-
eration (Pietenpol et al. 1990; Paus et al. 1994).
Insulin-like growth factor 1 (IGF-1), also pro-
duced by adipocytes, regulates the hair follicle
cycle and keratinocyte differentiation (Weger
and Schlake 2005; Sadagurski et al. 2006). Final-
ly, basic fibroblast growth factor (bFGF) is in-
volved in the regulation of adipogenesis (Neu-
bauer et al. 2004) and can induce growth and
migration of keratinocytes (Sogabe et al. 2006).
Whether these molecules are expressed by der-
mal adipocytes to regulate skin function in the
skin will be an area of intriguing investigation in
the future.

CUTANEOUS DISEASES ASSOCIATED
WITH DEFECTS IN ADIPOCYTES

Several conditions have been reported that alter
skin-associated adipocytes in human patients.
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Lipedematous scalp and lipedematous alopecia
are rare disorders characterized by a thick and
spongy scalp with dysfunction in skin associated
adipose tissue, hyperkeratosis (Fukumoto et al.
2009), lymphocytic infiltrates (Bridges et al.
2000; Fiorenza et al. 2010) and androgenic alo-
pecia (Piraccini et al. 2006). In addition, loss
of adipocytes in lipodystrophic conditions has
been associated with alopecia (Fig. 4) (Hegele
et al. 2002; Hegele 2005; Agostini et al. 2006;
Fukumoto et al. 2009; Jeninga et al. 2009).
The most prevalent form of inherited partial
lipodystrophy results from a mutation in the
LMNA gene, encoding nuclear envelope pro-
teins lamin A and C. Lamin A has been shown
to influence adipocyte differentiation, poten-
tially through PPARg and insulin signaling

(Agostini et al. 2006; Boguslavsky et al. 2006).
Individuals with mutations in the LMNA gene
have been reported to have a variety of skin
defects including mottled hypo- and hyper-
pigmentation, hair thinning and mild baldness,
premature hair graying, sebaceous hyperplasia,
and thin skin (Hegele 2005; Agostini et al. 2006;
Garg et al. 2009; Patel et al. 2009). Whether these
defects are caused by adipocyte defects or other
defects in the skin epithelium is unknown.

In addition to LMNA mutations, familial
partial lipodystrophy can occur from mutations
in PPARg (Moitra et al. 1998; Hegele et al. 2002;
Hegele 2005; Agostini et al. 2006; Duan et al.
2007). As previously mentioned, PPARg is crit-
ical for adipocyte differentiation and mainte-
nance of mature adipocytes. Whereas many dif-
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Figure 4. Cutaneous disorders with skin associated adipocyte defects. Frontal fibrosing alopecia and female
androgenic alopecia are associated with changes in dermal composition including a loss of adipocytes in affected
areas. Similarly, feeding mice a diet lacking essential fatty acids leads to dermal adipocyte loss, alopecia, and
epidermal hyperplasia (Menton 1968). In contrast, patients with lipedematous alopecia display increased but
defective skin-associated adipocytes (Fair et al. 2000). a, Dermal adipose tissue. (Images courtesy of Christine
Ko; with permission from John Wiley and Sons.)
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ferent PPARg mutations have been identified in
humans, dysfunctional PPARg is typically asso-
ciated with a loss of adipose tissue and metabol-
ic abnormalities (Okazawa et al. 1997; Jong et al.
1998; Savage et al. 2003). In addition to hy-
perpigmentation of the skin, similar to patients
with LMNA mutations (Herrmann et al. 2003;
Agostini et al. 2006), individuals with mutant
PPARg have hirsutism and cutaneous eruptive
xanthomata (Hegele 2005; Agostini et al. 2006).
Although it is unclear whether changes in skin
biology are a direct result from the loss of adi-
pose tissue, examining the role of dermal adi-
pocytes in these pathologies will be an interest-
ing avenue for future investigation.

A general loss of adipose tissue can also oc-
cur in starvation conditions such as anorexia, an
eating disorder with a complex etiology. Alope-
cia, hair loss, and fragile hair are symptoms of
anorexia in as many as 61% of patients and are
the result of prolonged starvation (Strumia
2009). As expected, the fat depots in anorexics
are extensively depleted and it is difficult to as-
sess the contribution of this depletion to hair
loss and alopecia. Because leptin levels are re-
duced in anorexia patients this could partially
explain the defect in hair biology (Lord et al.
1998; Uzum et al. 2009; Janas-Kozik et al. 2011).

Accumulation of WAT in other depots dur-
ing obesity can also influence skin-related disor-
ders including psoriasis, ulceration, infection,
and poor wound healing (Frank et al. 2000;
Ryo et al. 2004; Yosipovitch et al. 2007; Guil-
herme et al. 2008; Shipman and Millington
2011). Whether changes in skin-associated
adipose tissue contribute to these phenotypes
is not well understood. Changes in visceral and
subcutaneous adipose tissue occur during obe-
sity include an altered adipokine production
by adipocytes and increased infiltration of T
cells and proinflammatory macrophages with-
in adipose tissue (Lord et al. 1998; Skurk et al.
2007; Kintscher et al. 2008; Patsouris et al. 2008;
Blüher 2009; Fernández-Riejos et al. 2010; Ou-
chi et al. 2011; Sun et al. 2011; Schipper et al.
2012; Deng et al. 2013). These changes in WAT
inflammation are thought to arise from reduced
adipocyte secretion of anti-inflammatory mol-
ecules such as adiponectin (Frank et al. 2000;

Wetzler et al. 2000; Ryo et al. 2004; Guilherme
et al. 2008) and increased expression of proin-
flammatory factors (TNF-a, IL-6, IL-18 restin,
RBP4, and ANGPTL2), macrophage chemoat-
tractants (MCP-1 and NAMPT), and leptin
(Lord et al. 1998; Goren et al. 2003; Fernández-
Riejos et al. 2010; Ouchi et al. 2011). Given the
importance of immune cells in wound healing
and the pathogenesis of psoriasis, an altered in-
teraction of adipocytes with immune cells may
contribute to these skin-related disorders.

In addition to a potential local effect of skin-
associated adipocytes in obesity, the develop-
ment of insulin resistance and type II diabetes
in obese individuals (Guilherme et al. 2008)
can influence the function of skin cells. Some
of the skin defects associated with diabetes have
been attributed to keratinocyte dysfunction,
caused by alterations in insulin signaling that
alter the differentiation and motility of kerati-
nocytes (Benoliel et al. 1997; Wertheimer et al.
2000). Several diabetic animal models have re-
capitulated some of the skin phenotypes of di-
abetic patients. Obese/obese (ob/ob) mice have
a mutation in leptin, the ob gene product, and
show impaired wound healing resulting from a
diabetic phenotype. Administration of leptin to
ob/ob mice rescues impaired re-epithelializa-
tion and accelerates wound healing in wild-
type mice (Frank et al. 2000), possibly through
regulating immune cell infiltration during the
inflammatory phase of wound healing (Goren
et al. 2003). Mice with a functional mutation in
the leptin receptor (db/db mouse) also display a
diabetic phenotype. These mice experience per-
sistent inflammation (presence of neutrophils
and macrophages and altered cytokine levels)
during late phases of wound healing and con-
tain dysfunctionalgdT cells (Wetzler et al. 2000;
Taylor et al. 2011). Db/db mice contain lower
levels of keratinocyte growth factor (KGF) and
temporally altered levels of acidic and basic FGF
during wound healing (Werner et al. 1994).

Diabetic mice also display impaired fibro-
blast function that contributes to lower col-
lagen concentrations and reduced skin tensile
strength (Enser and Avery 1984). During wound
healing, these mice have defects in collagen for-
mation, which contribute to wound closure
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deficiencies (Goodson and Hunt 1979, 1986). A
connection between adipocyte and fibroblast
lineages has been suggested in skeletal muscle,
where a common FAP may exist that can gener-
ate both fibroblasts and adipocytes (Joe et al.
2010; Uezumi et al. 2011). Given diversity that
exists among fibroblasts (Werner et al. 2007),
identification of the cell types that generate fi-
broblasts and adipocytes in the skin may reveal
novel aspects of the pathogenesis of skin defects
in obesity.

Fibroblast defects also occur in many hu-
man diseases in which skin-associated adipose
tissue is lost, resulting in skin fibrosis and in-
creased dermal collagen deposition (Smith and
Chan 2010). Many factors are thought to influ-
ence the pathogenesis of skin fibrosis includ-
ing autoimmunity, inflammation, fibroblast
dysfunction, and vascularization. Given the po-
tential lineage relationship and the interaction
of adipocytes and fibroblasts in the skin during
wound healing (Schmidt and Horsley 2013), it
is possible that fibroblast defects during fibrosis
may result from defects in the function of adi-
pocyte precursor cells or a common FAP cell in
the skin. Interestingly, histological analysis of
frontal fibrosing alopecia suggests that adipo-
cytes are lost where regions of fibrosis have oc-
curred (Fig. 4). Thus, a switch in cell fate of an
adipocyte or a putative FAP may contribute to
the generation of more fibroblasts and reduced
adipocytes during the pathogenesis of skin fi-
brosis. The identification and analysis of human
adipocyte and fibroblast precursor cells in the
skin may reveal their contribution to fibrotic
disorders.

CONCLUDING REMARKS

Until recently, adipocytes were primarily con-
sidered mere reservoirs of energy stored as lipid.
Deeper study of adipocyte biology in different
anatomical locations has unveiled a plethora of
roles in food-intake, diabetes, glucose resis-
tance, and metabolism in general. However, ad-
ipocytes secrete many molecules that are known
to regulate processes beyond metabolism. In the
skin, their role in the regulation of hair follicle
growth and skin epithelia in health and disease

might be the first of many previously unknown
roles of adipocyte lineage cells in the skin. Many
key questions remain unanswered regarding ad-
ipocyte biology in the skin. We still need to
understand the developmental origin of adipo-
cytes and whether they have particular charac-
teristics unique to the dermal depot. What are
the molecular mechanisms that regulate dermal
adipogenesis and promote the function of these
cells in the skin during hair follicle growth,
wound healing, and skin diseases? Understand-
ing adipocyte behavior and how it affects the
other cellular components in the skin will not
only improve our knowledge of macroenviron-
ment of skin tissue but may also be translated
into new treatments for skin and hair follicle-
related diseases.
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Paus R, Lüftl M, Czarnetzki BM. 1994. Nerve growth factor
modulates keratinocyte proliferation in murine skin or-
gan culture. Br J Dermatol 130: 174–180.

Peeraully MR, Jenkins JR, Trayhurn P. 2004. NGF gene ex-
pression and secretion in white adipose tissue: Regulation
in 3T3-L1 adipocytes by hormones and inflammatory
cytokines. Am J Physiol Endocrinol Metab 287: E331–
E339.

Penza M, Montani C, Romani A, Vignolini P, Pampaloni B,
Tanini A, Brandi ML, Alonso-Magdalena P, Nadal A, Ot-
tobrini L, et al. 2006. Genistein affects adipose tissue
deposition in a dose-dependent and gender-specific
manner. Endocrinology 147: 5740–5751.

Philpott MP, Kealey T. 1991. Metabolic studies on isolated
hair follicles: Hair follicles engage in aerobic glycolysis
and do not demonstrate the glucose fatty acid cycle. J
Invest Dermatol 96: 875–879.

Pietenpol JA, Holt JT, Stein RW, Moses HL. 1990. Trans-
forming growth factor b 1 suppression of c-myc gene
transcription: Role in inhibition of keratinocyte prolifer-
ation. Proc Natl Acad Sci 87: 3758–3762.

Piraccini BM, Voudouris S, Pazzaglia M, Rech G, Vicenzi C,
Tosti A. 2006. Lipedematous alopecia of the scalp. Der-
matol Online J 12: 6.

Plikus MV, Mayer JA, la Cruz de D, Baker RE, Maini PK,
Maxson R, Chuong C-M. 2008. Cyclic dermal BMP sig-
nalling regulates stem cell activation during hair regen-
eration. Nature 451: 340–344.

Pola P, Flore R, Serricchio M, Tondi P. 1991. New carnitine
derivatives for the therapy of cutaneous ulcers in vascu-
lopathics. Drugs Exp Clin Res 17: 277–282.

Puolakkainen PA, Twardzik DR, Ranchalis JE, Pankey SC,
Reed MJ, Gombotz WR. 1995. The enhancement in
wound healing by transforming growth factor b1
(TGF-b1) depends on the topical delivery system. J
Surg Res 58: 321–329.

Raucci R, Rusolo F, Sharma A, Colonna G, Castello G, Co-
stantini S. 2013. Functional and structural features of
adipokine family. Cytokine 61: 1–14.

Reed MJ, Ferara NS, Vernon RB. 2001. Impaired migration,
integrin function, and actin cytoskeletal organization in
dermal fibroblasts from a subset of aged human donors.
Mech Ageing Dev 122: 1203–1220.

Rendl M, Lewis L, Fuchs E. 2005. Molecular dissection of
mesenchymal-epithelial interactions in the hair follicle.
PLoS Biol 3: e331.

Rendl M, Polak L, Fuchs E. 2008. BMP signaling in dermal
papilla cells is required for their hair follicle-inductive
properties. Genes Dev 22: 543–557.

Reynolds DJ, Marks R, Davies MG, Dykes PJ. 1978. The fatty
acid composition of skin and plasma lipids in Refsum’s
disease. Clin Chim Acta 90: 171–177.

Riccobono D, Agay D, Scherthan H, Forcheron F, Vivier M,
Ballester B, Meineke V, Drouet M. 2012. Application of
adipocyte-derived stem cells in treatment of cutaneous
radiation syndrome. Health Phys 103: 120–126.

Rodeheffer MS, Birsoy K, Friedman JM. 2008. Identification
of white adipocyte progenitor cells in vivo. Cell 135:
240–249.

Rogers J, Harding C, Mayo A, Banks J, Rawlings A. 1996.
Stratum corneum lipids: The effect of ageing and the
seasons. Arch Dermatol Res 288: 765–770.

Rompolas P, Deschene ER, Zito G, Gonzalez DG, Saotome I,
Haberman AM, Greco V. 2012. Live imaging of stem cell
and progeny behaviour in physiological hair-follicle re-
generation. Nature 487: 496–499.

Rosen ED, Spiegelman BM. 2006. Adipocytes as regulators
of energy balance and glucose homeostasis. Nature 444:
847–853.

Rosenfield RL. 2005. Hirsutism and the variable response of
the pilosebaceous unit to androgen. J Investig Dermatol
Symp Proc 10: 205–208.

Ross SE, Hemati N, Longo KA, Bennett CN, Lucas PC,
Erickson RL, MacDougald OA. 2000. Inhibition of adi-
pogenesis by Wnt signaling. Science 289: 950–953.

Ryo M, Nakamura T, Kihara S, Kumada M, Shibazaki S,
Takahashi M, Nagai M, Matsuzawa Y, Funahashi T.
2004. Adiponectin as a biomarker of the metabolic syn-
drome. Circ J 68: 975–981.

Sadagurski M, Yakar S, Weingarten G, Holzenberger M,
Rhodes CJ, Breitkreutz D, Leroith D, Wertheimer E.
2006. Insulin-like growth factor 1 receptor signaling reg-
ulates skin development and inhibits skin keratinocyte
differentiation. Mol Cell Biol 26: 2675–2687.

Safer JD. 2011. Thyroid hormone action on skin. Derma-
toendocrinol 3: 211–215.

Safer JD, Fraser LM, Ray S, Holick MF. 2001. Topical tri-
iodothyronine stimulates epidermal proliferation, der-
mal thickening, and hair growth in mice and rats. Thyroid
11: 717–724.

Safer JD, Crawford TM, Fraser LM, Hoa M, Ray S, Chen TC,
Persons K, Holick MF. 2003. Thyroid hormone action on
skin: Diverging effects of topical versus intraperitoneal
administration. Thyroid 13: 159–165.

Samad F, Yamamoto K, Pandey M, Loskutoff DJ. 1997. El-
evated expression of transforming growth factor-b in
adipose tissue from obese mice. Mol Med 3: 37–48.

Savage DB, Tan GD, Acerini CL, Jebb SA, Agostini M, Gur-
nell M, Williams RL, Umpleby AM, Thomas EL, Bell JD,
et al. 2003. Human metabolic syndrome resulting from

G. Rivera-Gonzalez et al.

16 Cite this article as Cold Spring Harb Perspect Med 2014;4:a015271

w
w

w
.p

er
sp

ec
ti

ve
si

n
m

ed
ic

in
e.

o
rg

Laboratory Press 
 at Yale University on October 3, 2014 - Published by Cold Spring Harborhttp://perspectivesinmedicine.cshlp.org/Downloaded from 

http://perspectivesinmedicine.cshlp.org/


dominant-negative mutations in the nuclear receptor
peroxisome proliferator-activated receptor-g. Diabetes
52: 910–917.

Schipper BM, Marra KG, Zhang W, Donnenberg AD, Rubin
JP. 2008. Regional anatomic and age effects on cell func-
tion of human adipose-derived stem cells. Ann Plastic
Surg 60: 538–544.

Schipper HS, Prakken B, Kalkhoven E, Boes M. 2012. Adi-
pose tissue-resident immune cells: Key players in immu-
nometabolism. Trends Endocrinol Metabol 23: 407–415.

Schmidt BA, Horsley V. 2013. Intradermal adipocytes me-
diate fibroblast recruitment during skin wound healing.
Development 140: 1517–1527.
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