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Abstract

Although the major white adipose depots evolved primarily to store energy, secrete hormones and 

thermo-insulate the body, multiple secondary depots developed additional specialized and 

unconventional functions. Unlike any other fat tissue, dermal white adipose tissue (dWAT) evolved 

a large repertoire of novel features that are central to skin physiology, which we discuss in this 

Review. dWAT exists in close proximity to hair follicles, the principal appendages of the skin that 

periodically grow new hairs. Responding to multiple hair-derived signals, dWAT becomes closely 

connected to cycling hair follicles and periodically cycles itself. At the onset of new hair growth, 

hair follicles secrete activators of adipogenesis, while at the end of hair growth, a reduction in the 

secretion of activators or potentially, an increase in the secretion of inhibitors of adipogenesis, 

results in fat lipolysis. Hair-driven cycles of dWAT remodelling are uncoupled from size changes 

in other adipose depots that are controlled instead by systemic metabolic demands. Rich in growth 

factors, dWAT reciprocally signals to hair follicles, altering the activation state of their stem cells 

and modulating the pace of hair regrowth. dWAT cells also facilitate skin repair following injury 

and infection. In response to wounding, adipose progenitors secrete repair-inducing activators, 

while bacteria-sensing adipocytes produce antimicrobial peptides, thus aiding innate immune 

responses in the skin.

Main

White adipose tissue (WAT) is widely distributed throughout the body in the form of depots 

that can both store nutrient-derived lipids and mobilize them upon demand1,2. Many features 

of WAT anatomy are well adapted for periodic bouts of expansion and emptying. WAT 
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depots commonly reside in body sites, such as the abdominal cavity or subcutaneous space, 

that enable rapid change in volume without physical hindrance on vital organs. At the 

microscopic level, fat consists of adipocyte clusters surrounded by a web-like extracellular 

matrix that efficiently remodels — through the aid of many matrix-modifying enzymes3–5 

— to accommodate for the rapid growth of WAT upon lipid accumulation6–10.

At the cell lineage level, WAT growth depends on adipose progenitors, including adipose 

stem cells (ASCs), that typically reside on small blood vessels11–14. Adipocyte maturation is 

driven by many signalling activities, including Bmp15,16, Fgf17,18, Hedgehog19,20, and Wnt 

pathways21–24. Therefore, in addition to adipokines, which are hormones derived from 

adipose tissues 1, WAT secretes multiple paracrine signalling and matrix-modifying factors. 

Naturally, in places where WAT contacts other dynamic tissues, including skin, mammary 

glands and bone marrow, signalling symbiosis becomes possible. Perhaps, like nowhere else 

in the body, this relationship evolved in the skin between dermal WAT (dWAT)25 and 

neighbouring cell populations, both during physiological hair growth-coupled remodelling 

and in repair processes, such as after infection and wounding.

Like other major WAT depots, dWAT performs several systemic functions (also known as 

metabolic functions). dWAT efficiently stores and releases lipids following changes in 

nutrient availability26, secretes several adipokines27–29, and adaptively thermo-insulates the 

body in response to external temperature changes30. Within the last decade, researchers have 

begun to unravel the tissue-specific, or the non-metabolic functions of dWAT in skin. The 

purpose of this Review is to summarize the novel developments in the dWAT field. We start 

by defining the place of dWAT in the context of skin anatomy. We then discuss the effects of 

dWAT on periodic hair growth, and the reciprocal effects of hair follicles on non-metabolic 

dWAT cycling. We discuss progenitor sources for cyclic dWAT remodelling, and how unique 

aspects of dWAT anatomy and physiology enable high-precision experimental inquiries into 

adipose development and signalling regulation. We conclude by addressing the emerging 

functions of dWAT in skin protection, including its role in antimicrobial defence, wound 

healing, and regeneration.

Anatomy of skin

Location of skin fat

Skin is comprised of several distinct layers and contains an array of ectodermal appendages. 

Epidermis forms the outermost layer and gives skin its barrier function. It rests on top of a 

layer of dermis, which is rich in fibroblasts and collagens. The latter sub-divides into thin, 

upper papillary dermis and thicker, lower reticular dermis1,2. Underlying and partially 

integrating into the reticular dermis is the dWAT3–6. In laboratory rodents, including mice 

and rats, dWAT forms a continuous layer that is 2 to 15 cells thick 7 demarcated from deeper 

subcutaneous fat by a sheet-like panniculus carnosus skeletal muscle layer5 (Fig. 1a). In 

other species, however, the microanatomy of dWAT can differ substantially. For instance, in 

the skin of naked mole-rats, dermal adipocytes exist only in isolated groups 8. In rabbit skin, 

dermal adipocytes are arranged into discontinuous clusters exclusively around hair follicles9 

(Fig. 1b). In human skin, dWAT exists in a histologically distinct layer; however, because 

panniculus carnosus muscle is rudimental in humans, dWAT is in contact with subcutaneous 
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fat3,10 (Fig. 1c). Furthermore, dWAT can substantially differ even in the same species 

between distinct body sites11, and this becomes accentuated in species with highly 

specialized skin. For instance, in bats, dermal adipocytes are prominent in dorsal and ventral 

skin, but are largely unidentifiable in the web-like wing skin12.

Hair follicles

Traversing through the skin are its ectodermal appendages – hair follicles and sweat glands. 

Hair follicles are stem cell-rich mini-organs that regenerate new hairs repetitively in a 

process known as the hair growth cycle. This regenerative cycle consists of three phases: 

active hair growth (anagen), regression (catagen), and rest (telogen)13,14. The hair follicle 

attains its largest size during anagen, when its proximal end, the hair bulb, extends deep into 

dWAT.

The hair bulb contains actively dividing epithelial matrix progenitors and specialized dermal 

papilla fibroblasts, which serve as the key signalling centre of the hair follicle15. Hair growth 

is sustained by proliferation and differentiation activities taking place in the hair matrix. 

Distally, above the dWAT, the hair follicle houses its stem cells16–19, including the so-called 

bulge stem cells — the principal hair-fated, long-lasting progenitors18,20. Above the bulge, 

the hair follicle contains an oil-producing sebaceous gland. Connecting the bulge with the 

bulb is the outer root sheath, which has a cylindrical shape.

Hair growth termination during catagen is mediated by events of terminal differentiation, 

apoptosis, and phagocytosis21–23. Dermal papilla fibroblasts and some epithelial outer root 

sheath cells survive catagen involution, move upwards toward the bulge, and constitute the 

lower portion of the resting telogen hair follicle. Surviving outer root sheath cells form the 

secondary hair germ compartment. At the onset of new anagen, secondary hair germ 

progenitors respond to activating signals from dermal papilla, divide, and fuel the rapid 

growth of the hair follicle24,25. Bulge progenitors divide with a delay and contribute 

progenies toward mature hair follicles in anagen 18,24.

The cellular dynamics described above occur in cycles, allowing each hair follicle to grow 

multiple rounds of hairs. Furthermore, in many species, thousands of neighbouring hair 

follicles regenerate collectively as dynamic hair growth waves9,11,26–29, therefore, their 

interactions with dWAT occur at the collective level. In addition to hair follicles, skin 

contains sweat glands consisting of a straight duct and secretory coil nested in the 

dermis30,31 and, sometimes, abuts dWAT32. While in humans sweat glands are distributed 

widely throughout the skin, in many other species, including mice, they are restricted to the 

paws 33,34.

Dermal adipocytes and hair follicles

One of the most distinguishing features of dWAT is its ability to periodically remodel in 

coordination with the hair cycle. This process, which has been described in the classic 

literature35–40, involves prominent dWAT thickening around anagen hair follicles and the 

subsequent thinning when hair follicles transition via catagen to telogen6,41.
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The early stages of hair follicle and skin fat development seem to proceed independently 

from one another. In mouse skin, adipose precursors first appear on embryonic day (E) 

16.542; at this stage only 3% of all hair follicles are partially matured43 (Fig. 2a). 

Uncoupling between early hair follicle development and adipose tissue development is 

supported by the fact that adipose progenitors form in the skin of mutant mice that have 

suppressed hair follicle morphogenesis41. However, adipose progenitors become coupled 

with and dependent on hair follicle signalling during the maturation phase. The first 

multilocular adipocytes appear between E17.5–18.5 around early anagen hair follicles, and 

their number and size quickly increase 4,41,44,45 (Fig. 2b) until around postnatal day (P) 12, 

when hair follicles are in full anagen4 (Fig. 2c). This process becomes largely disrupted 

when hair follicles are genetically converted into abnormal cysts41 or when sonic hedgehog 

(Shh), an important signalling factor for dWAT development, is deleted from hair follicles45.

When fully developed at P12, dWAT has an intricate microanatomy with adipocytes 

distributing under and around hair follicles in anagen phase so that they appear to be floating 

in an adipose cushion. Intriguingly, on P17, dWAT starts to collapse as hair follicles regress, 

and by P19–23, when hair follicles first enter telogen, it reduces to less than half the size it is 

during anagen4,41 (Fig. 2d, 2e). First telogen marks both the completion of hair follicle 

morphogenesis and the onset of its cyclic regeneration. A new nagen phase starts around 

P22–24, and this event is coupled with an increase in dWAT volume41,45,46 (Fig. 2f). Cyclic 

fluctuations in the volume of dWAT continue into adulthood, but skinny periods, which 

coincide with telogen of the hair cycle lengthen in duration as telogen phase itself in adult 

mice lengthens – often lasting several months29,47.

Cyclic remodelling of dWAT

The cyclic remodelling of dWAT raises several intriguing questions, answers to which could 

enrich our understanding of general adipose tissue biology. First, what are the cellular and 

signalling bases for cyclic dWAT remodelling? Does catagen-coupled reduction in adipose 

tissue volume involve emptying of mature adipocytes, their elimination by apoptosis, or a 

combination of both? On the other hand, is anagen-coupled dWAT expansion primarily 

achieved via hypertrophy of pre-existing preadipocytes or hyperplasia from early-stage 

progenitors? In terms of signalling, what are the hair follicle-derived regulators of dWAT 

remodelling, both during anagen and catagen? Second, is dWAT heterogeneous, with only 

some adipocytes being sensitive to hair cycle changes? For example, lipid-filled adipocytes 

persist in telogen skin, even in old mice, when the telogen phase becomes extended, 

although the number of adipocytes that do persist is low 28,47. Third, what are the reciprocal 

signalling effects of dWAT on hair cycle, and is hair follicle or dWAT the dominant driver of 

their coupled remodelling events? Below we review our current understanding of the above 

questions regarding cyclic dWAT remodelling and outline knowledge gaps.

Cellular and signalling bases

The formation of the dermal adipose lineage seems to rely on the same key transcriptional 

regulators that operate in other WAT depots. Adipogenic lineage specification in skin, at 

least in part, depends on Zfp423 activity48,49. Both Cebpα44 and Pparγ41 are expressed 
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during dWAT development, which Pparγ regulates. The deletion of Pparγ under adipose-

specific Adipoq-Cre driver results in the systemic lipoatrophy, including in dermal fat50. 

Temporally, adipogenic specification of skin fibroblast progenitors begins at E16.542. 

Committed progenitors then mature into Cebpα-positive preadipocytes44 and further mature 

into lipid-laden adipocytes. These processes continue until ~ P12, when dWAT thickness 

peaks4,41,44,45. Next, as hair follicles enter telogen, dWAT rapidly reduces in size by ~ 50%. 

Intriguingly, this decrease is not associated with substantial apoptosis4, but rather with cell 

size reduction6, suggesting that partial lipolysis is the underlying mechanism (Fig. 2d). As 

such, lipolysis during the early postnatal period, at the time of rapid body growth, is not 

coupled to systemic nutrient shortage and is a unique feature of dWAT. Instead, lipolysis is 

coupled with the catagen phase, indicating that either regressing hair follicles secrete factors 

that trigger lipolysis, or that they cease to secrete anti-lipolysis factors, which are abundant 

during anagen4. One such anti-lipolysis candidate factor is Shh, whose expression shuts off 

in catagen hair follicles, while in anagen it is abundant and signals to activate Pparγ45 (Fig. 

3).

The subsequent expansion of dWAT during a new hair cycle is complex, and involves both 

hypertrophy45 and hyperplasia6,46. The first wave of hyperplasia occurs before anagen onset, 

during the preceding catagen, when Cd24+ ASCs transiently proliferate6. The fact that 

hyperplasia occurs before the onset of anagen, suggests that the triggers for ASC hyperplasia 

are secreted either by the regressing hair follicles or by the surrounding mature adipocytes 

that undergo lipolysis. Once triggered, hyperplasia is driven by Pdgfα, which is secreted by 

Cd24+ ASCs and their progenies, Cd24-negative preadipocytes46. The outcome of ASC 

hyperplasia is the enrichment of dWAT for differentiation-ready preadipocytes ahead of the 

new hair cycle. Interestingly, cellular dynamics in dWAT parallel these in the hair follicles, 

where a new population of ‘primed’ secondary hair germ progenitors is also set aside for a 

new hair cycle during the preceding catagen phase24,25. The primed progenitors in dWAT 

and hair follicles might serve to sensitize skin to various regeneration stimuli.

The expansion of dWAT is tightly coupled to and follows the enlargement of anagen hair 

follicles45. When early anagen hair follicles grow into the dWAT layer, new lipid-laden 

adipocytes start to rapidly appear around them45,46. Driving this process are the progenitor 

cells, either actively forming via proliferation45 or those that were set aside during the 

preceding catagen46. By the time dWAT has fully expanded in mid-anagen, it comprises 20–

40% of newly formed adipocytes, with the rest of cells being the pre-existing adipocytes45 

(Fig. 2f). Furthermore, contributing to dWAT expansion is hypertrophy of newly formed and 

pre-existing adipocytes.

It remains unclear which hair follicle-derived signals induce the rapid expansion of dWAT. 

Anagen hair follicles secrete ligands and antagonists for multiple signalling pathways with 

known roles in adipogenesis, including Wnt51–53, Bmp54–57, Tgfβ58–60, Fgf61,62, Igf63,64, 

Pdgf65,66, and Hedgehog67,68. Considering this, hair follicle to dWAT communication can 

occur via multiple channels; Hedgehog signalling is one such channel (Fig. 3c). Anagen hair 

follicles secrete Shh ligands that drive the proliferation of adipose precursors and their 

terminal differentiation, in part via Pparγ activation45. dWAT expansion largely stops when 

Shh is genetically deleted from the hair follicle epithelium, or when adipose precursors are 
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made insensitive to Shh following the precursor-specific deletion of Smoothened45 

Moreover, skin-specific overexpression of Shh causes excessive dermal fat expansion to 

result in dWAT of nearly double the normal size45. Interestingly, the pro-adipogenic effect of 

Shh in dWAT contrasts with its inhibitory effect in other, non-skin adipose depots69–72.

Bmp signalling is another hair follicle to fat communication channel and anagen hair 

follicles secrete multiple Bmp ligands57,65. In non-skin fat, Bmps commit mesenchymal 

cells to the adipose lineage and promote their terminal differentiation via activation of the 

transcriptional regulator Zfp42349,73,74. In parallel, Bmp-Zfp423 signalling is necessary for 

adipogenesis in skin, both under normal conditions and following wounding (Fig. 4). 

Genetic ablation of Zfp423 or Bmp responsiveness in wound fibroblasts in mice in vivo 
prevents adipocyte regeneration around hair follicles, while Zfp423 deletion in normal skin 

causes noticeably thinner dWAT and smaller adipocytes48.

Canonical Wnt signalling is another important regulator of dermal adipogenesis. Anagen 

hair follicles both respond to52,75 and modulate Wnt signalling via secreted ligands and 

antagonists51–53. The direct effect of canonical Wnt signalling is largely inhibitory in non-

skin WAT76–79, and this holds true for dermal fat48,80. Dramatic dWAT loss is observed in 

mice whose dermal cells overexpress constitutive stabilized β-catenin80. Consistently, 

adipocytes fail to regenerate around anagen hair follicles in wounds of mice overexpressing 

canonical Wnt7a ligand48. Curiously, dWAT expands during anagen, when Wnt ligand 

secretion and activity peak in hair follicles. This suggests that anagen hair follicles can either 

balance their Wnt signalling outputs into the surrounding skin via secreted antagonists 

and/or override inhibitory Wnt activities via other signalling channels. Considering that the 

diffusion range for Wnt antagonists is longer than that for ligands, at least during embryonic 

skin development81, it is plausible that adipocytes are primarily exposed to hair follicle-

secreted Wnt antagonists. Furthermore, canonical Wnt signalling exerts indirect pro-

adipogenic effects via epithelial skin cells41,82.

The genetic overexpression of stabilized β-catenin in embryonic epidermis results in 

dramatically increased dermal adipogenesis even though hair follicle development is 

blocked. This indirect effect is mediated by several downstream factors, including Igf and 

Bmp ligands, that are secreted by Wnt-active epidermal cells41. The pro-adipogenic effect of 

Bmp signalling is further evident from skin wound healing study. Regeneration of 

adipocytes is largely prevented around anagen hair follicles in wounds of mice that 

overexpress the soluble Bmp antagonist Noggin48.

Importantly, systemic factors can override hair cycle-driven dWAT remodelling. For 

example, dWAT notably expands in size in obese db/db mice, even during telogen83. 

Moreover, dWAT becomes 80% thinner in mice housed under thermo-neutral conditions 

(31°C) compared with mice housed in typical laboratory conditions (21°C), which causes 

mild thermal stress7.

Heterogeneity of dermal adipocytes

Emerging evidence suggests that diversity exists between dermal adipocytes on several 

levels. First, there is chronologic heterogeneity. Once dWAT is mature, which occurs during 
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the postnatal hair cycle, it is composed of two subsets of adipocytes — one subset of these 

adipocytes are those that are formed during skin morphogenesis and the other subset are 

adipocytes generated during anagen phase of hair cycle in adult mice 45,46. Second, 

heterogeneity exists between adipocytes with regards to their sensitivity to catagen. 

Although the total number of adipocytes substantially declines between anagen and telogen, 

mature adipocytes persist throughout the hair cycle4,6,45. The fact that some mature 

adipocytes remain throughout the hair cycle implies that these adipocytes are protected from 

catagen-driven lipolysis. A third type of adipocyte heterogeneity occurs at the spatial level. 

For instance, adipocytes are distributed along the length of the hair follicle; therefore, 

adipocytes located near to the hair bulb have a distinct spatial location compared with 

adipocytes located closer to the bulge stem cells. This difference in location means that 

adipocytes might be exposed to distinct signalling ‘experiences’ depending on the follicular 

compartment that they contact. For example, Shh production is restricted to the base of 

anagen hair follicle, where matrix cells reside45. Therefore, only the lowermost adipocytes 

will experience high levels of Shh. Finally, thickness of dWAT is heterogeneous between the 

skin regions. dWAT is thicker in the ventral skin than in the dorsal and very thin and 

discontinuous in the ear skin11.

Signalling effects of dWAT

WAT and hair follicles share a number of common pathways, therefore paracrine factors 

produced by dWAT can modulate activities linked to hair follicle growth. Mouse hair 

follicles cycle collectively, which requires signalling coordination between neighbouring 

hair follicles and non-hair cell populations26,27,29. Messages between hair follicles are 

commonly activating. Early anagen hair follicles signal to adjacent telogen hair follicles and 

stimulate them into growth (anagen). In turn, newly activated anagen hair follicles signal to 

their respective neighbouring telogen hair follicles and this wave-like activation spreads 

across the skin. This common activation process is, in part, mediated by Wnt signals9. 

However, if a wave reaches early telogen hair follicles that have recently completed their 

previous growth cycle, it stops and a sharp anagen–telogen boundary forms instead. This 

property of early telogen hair follicles is called telogen refractivity and it is, in part, 

mediated by Bmp2 produced by neighbouring adipocytes28. Bmp signalling maintains hair 

follicle stem cells in a quiescence state. Large regions of dWAT express Bmp2, therefore, 

many thousands of hair follicles can be made refractory all at the same time (Fig. 3a). By 

preventing early telogen hair follicles from re-entering anagen, this mechanism prevents hair 

overproduction on the skin.

While mature adipocytes signal to inhibit the hair cycle, adipose progenitors signal to 

stimulate it5. Hair follicle entry to anagen stalls when dWAT progenitors are depleted, either 

genetically in Ebf1 mutant mice, lacking a transcriptional factor that regulates normal WAT 

development84, or pharmacologically with Pparγ antagonists6. Transplantation of adipose 

progenitors into the skin induces precocious anagen in normal mice and rescues hair cycle 

defect in Ebf1 mutants6. Pdgfα, which is strongly expressed by adipose progenitors, might 

mediate their activating effect on resting hair follicles (Fig. 3b). Indeed, Pdgf signalling is 

necessary for normal hair growth66,85 and Pdgfα-coated beads alone can reactivate anagen 

in Ebf1 mutant skin6. The paracrine effect of dWAT on the surrounding stem cell niches 
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parallels observations in the bone marrow, where adipocytes signal to haematopoietic 

progenitors to inhibit their regenerative activities86–88.

Taken together, the following principles underlie signalling symbiosis between hair follicles 

and dWAT. First, signalling crosstalk is possible because both tissues rely on the same 

pathways for their respective cellular activities5. Second, growing hair follicles enrich the 

signalling milieu of dWAT both because they form secretory hotspots and because 

adipocytes and their progenitors reside within the diffusion range for many soluble ligands 

and antagonists26,41,45,48. Conversely, dWAT enriches a signalling background in which hair 

follicles function, affecting their hair cycle decision-making6,28. Third, the growth-

promoting signalling activities in anagen hair follicles also promote growth activities in 

dWAT, positively stimulating both hyperplasia and hypertrophy. In turn, changes in 

signalling activities in catagen hair follicles are such that they also drive dWAT regression, in 

part by stimulating lipolysis. On the other hand, due to the location of dWAT, dWAT 

signalling activities preferentially modulate growth versus quiescence decision making by 

telogen hair follicles. Working together, periodic signalling activities during hair cycle result 

in entanglement between growth and regression bouts of hair follicles and dWAT. Multiple 

pathways, beyond Bmp, Wnt, Pdgf, and Hedgehog might contribute to this signalling 

symbiosis; novel mutual regulations of hair follicle and dWAT cycling could to be identified 

in the near future.

Studying adipose lineage development

The close spatiotemporal coupling between hair follicles and dWAT during development, the 

fine microanatomy of dermal fat and a multitude of skin-specific genetic tools make dermal 

fat a useful model system for studying adipose lineage development. Morphologically and 

on gene expression, dermal adipocytes can be characterized as stereotypical white 

adipocytes. Indeed, when fully differentiated they have unilocular appearance4,45,46 and 

activate characteristic adipokine reporters for Adiponectin45,46,48 and Resistin48. However, 

in contrast to other WAT depots, dWAT morphogenesis is tightly controlled — in mice, 

adipose progenitors specify on E16.542 and, within days, they progress toward early 

adipocytes4,41,45, which then fully mature during the first two weeks after birth4. This tight 

control enables researchers to study the distinct cellular and signalling events in dermal 

adipose lineage with high temporal resolution. The fine microarchitecture of dWAT further 

enables investigators to precisely measure and detect the subtlest phenotypes presented as 

changes in layer thickness6,41,45,46,80,82. The level of phenotypic precision that dWAT 

affords researchers is not possible in other fat depots.

Several skin specific markers further aid experimental inquiries into dWAT lineage. They 

enable lineage tracing42,45,80,82 and the sorting of adipose progenitors6,45,46,80,82,89. During 

embryonic period, early mouse adipose precursors can be labelled with Dlk1–CreER42, 

while in adult mouse skin, a large portion of adipose progenitors can be marked using 

Pdgfrα–CreER45. A marker set, Linneg/Cd34+/Cd29+/Sca1+/Cd24+, originally developed for 

visceral and subcutaneous ASCs90,91, can also be used to sort dermal adipose progenitors for 

quantification and gene expression profiling6,46. Similar to visceral fat92, Cd24+ skin 

progenitors represent early ASCs necessary for long-term maintenance of dWAT46.
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The close reliance of dWAT on signalling inputs from hair follicles for hyperplasia, 

hypertrophy and regression, and an array of hair-specific genetic tools provides a unique 

opportunity to study the role of regulatory pathways in fat biology. Keratin gene-based 

promoter drivers and Cre lines can be used to either delete or overexpress various ligands 

and antagonists in hair follicles and examine their effects on dWAT. Examples of mouse 

models with prominent dWAT phenotypes include epithelial-specific deletion of Shh under 

K15–CrePGR45, overexpression of stabilized β-catenin under K14–Cre41 and 

overexpression of Wnt7a and Bmp antagonist Noggin under K14 promoter48.

Another important tool for studying dermal adipogenesis is the model for wound-induced 

skin neogenesis93. In this model, large skin wounds in adult mice heal by regenerating new 

hair follicles in their center94 followed by new adipocytes surrounding such new hair 

follicles 48. Fat regeneration in wounds follows a precise timeline, and it depends on hair-

derived signals. Adipose progenitors in the wound originate from contractile myofibroblasts, 

which can be labelled and targeted for gene deletion using contractile-specific Cre lines, 

such as Sma–CreER. Additionally, because all regenerated hair follicles and adipocytes in 

the wound can be quantified upon whole mount evaluation, adipose regeneration phenotypes 

can be sensitively calculated as adipocyte-to-hair follicle ratio 48. These features of the 

wound-induced neogenesis model enable study of the entire process of adipose lineage 

formation in adult animals with the resolution level that parallels that during embryonic skin 

development.

Defence functions of dermal fat

Residing near the interface with the outside environment, dWAT serves additional functions, 

such as aiding in skin defence after injury and infection89,95. Fllowing skin wounding, 

resident adipose progenitors activate near the wound edges and transiently migrate into the 

wound bed, where they differentiate. Once in the wound, they signal to facilitate efficient 

recruitment of fibroblasts, the building blocks of scar tissue89 (Fig. 4). Consistent with these 

findings, in Azip mice, which lack mature adipocytes, or in mice after treatment with Pparγ 
inhibitor, scars become weak and wounds can spontaneously reopen89. Dermal adipose 

progenitors can also directly contribute to scarring in mice, at least in the model of 

bleomycin (a DNA damaging agent) induced fibrosis. Following treatment with bleomycin, 

excessive skin scarring is accompanied by the loss of adipocytes and conversion of adipose 

progenitors into myofibroblasts96. In analogy with these observations, researchers have 

proposed that dWAT might contribute to skin fibrosis via the so-called adipocyte-to-

myofibroblast transition mechanism during skin aging, including UV-induced aging97 and 

male pattern baldness98.

Bacterial skin infection also results in the activation of adipose progenitors and a rapid 

expansion of dWAT, which is mediated by hypertrophy and hyperplasia. Expanding 

adipocytes have high expression levels of cathelicidin antimicrobial peptide (Camp), which 

has direct bacterial killing activity95 (Fig. 4a). Adipocytes from Camp deficient mice lack 

antimicrobial activity and infection-fighting properties of the skin become largely 

compromised in Zfp423 mutants with deficient adipogenesis or after treatment with a Pparγ 
inhibitor95. Indeed, unlike control animals, the same dose of Staphylococcus aureus results 
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in systemic bacteraemia in Zfp423 mutant mice95. Given the newly recognized importance 

of adipocytes in innate immune skin defence, the ability of large skin wounds to regenerate 

new fat48 is particularly important, as fat cells can endow scars with an extra layer of 

protection (Fig. 4c).

Future directions

Recognition of the non-metabolic functions of skin fat is rapidly growing99–102. Indeed, 

dWAT has emerged as an important signalling regulator of skin regeneration, both during the 

normal hair cycle6,28 and in response to wounding89. With similar function already noted in 

the bone marrow86–88, adipocytes and their progenitors could also be important modulators 

of regeneration in other organs. Fat-derived signals have also been implicated in abnormal 

tissue growth, such as cancer. Indeed, these so-called ‘cancer-associated adipocytes’ were 

shown to exert pro-oncogenic effects by supporting tumour metabolism, and creating 

favourable signalling and extracellular niche microenvironment103,104. The hair follicle-

dWAT symbiosis paradigm provides a fruitful model for studying the mechanisms of adipose 

tissue interaction with other tissues types.

Cellular plasticity of adipose lineage following injury, disease, and ageing is another area of 

research that is undergoing rapid growth. Depending on the type of injury, adipose 

progenitors can either convert into scar-forming cells96 or regenerate anew from non-

adipogenic scar myofibroblasts48. Although a better understanding of cellular lineages at the 

sites of skin injury is acutely needed105, these observations are important as they 

demonstrate that both adipogenic and non-adipogenic skin cells can be modulated to reduce 

and even reverse scarring. Anti-scarring strategies learned from the skin system will 

ultimately be applicable in other organs.

A unique aspect of hair follicle and dWAT ageing is its cyclic nature. Each bout of 

regeneration is associated with the use of a stem cell reserve, both in the hair follicles106 and 

dWAT46. Indeed, dWAT size and its Cd24+ ASCs become depleted with hair cycles and this 

ageing process accelerates when supernumerary hair cycles are induced by hair plucking46. 

Advanced stages of skin ageing are associated with prominent slowing of hair cycling47, 

permanent loss of at least some hair follicles107, and changes in the expression of hair cycle 

regulators by dWAT108. Future studies on skin ageing will probably yield new rejuvenation 

approaches centred around dermal adipose.

Lastly, the antimicrobial activities of dermal adipocytes95 point toward novel approaches to 

skin infection management. Clinically, the incidence of wound infections is high, and in 

certain instances, such as diabetic foot ulcers, they can be life threatening. Enhancing 

adipose regeneration either from endogenous progenitors or with the aid of autologous fat 

grafts can represent a novel approach in wound infection management. Intriguingly, animal 

species with highly developed blubber, such as dolphins, display profoundly enhanced 

infection fighting and wound healing abilities109. Exploring the innate immune biology of 

adipose tissue, including that in aquatic mammals, might lead to novel breakthroughs in fat-

centred antibacterial strategies.
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Glossary terms
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Key Points

• Dermal white adipose tissue (dWAT) is a specialized adipose depot of the skin 

with activities that are closely linked with those of hair follicles.

• The development and remodelling of dWAT relies largely on paracrine signals 

generated by growing hair follicles.

• Dermal adipocytes cyclically grow and shrink their lipid droplets in response 

to hair-derived signals and systemic factors, such as cold stress, can override 

this cycle.

• Dermal adipocytes and their progenitors actively signal to neighbouring skin 

cell types, including hair follicle cells, and become important modulators of 

their growth activities.

• Dermal adipogenesis is activated in response to bacterial skin infection, 

activates antimicrobial peptide secretion and serves an innate immune defence 

function.
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Review criteria

This review cites references identified using the following keywords: “adipose tissue”, 

“skin”, “hair follicle”, “wound”, “regeneration”, “infection”, “stem cells”, “signalling 

factor”. Additional relevant references were identified via forward citation analysis. The 

authors also used their own knowledge of the literature on skin fat, hair follicles and 

wound healing.
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Figure 1. Distribution of dermal white adipose tissue (dWAT) in the skin
(a) In mice, dermal adipocytes form a continuous dWAT layer separated from subcutaneous 

WAT by sheet-like skeletal muscle (pink)5. Growing hair follicles are in close contact with 

dermal, but not subcutaneous, adipocytes. The key skin compartments (epidermis, dermis, 

dWAT, panniculus carnosus and subcutaneous WAT) are labelled. (b) In rabbit skin, multiple 

hair follicles form bundle-like compound units. Rabbit dWAT is discontinuous and clusters 

exclusively around hair follicle units9. (c) Human skin has a prominent dWAT layer and 

lacks a clear separation from subcutaneous WAT due to rudimental skeletal muscle3,10. 

Anagen hair follicles closely associate with dermal adipocytes. Sweat glands, common in 

humans throughout the skin, reside in dermis, and can contact the interface of dWAT32.
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Figure 2. Development and cyclic remodelling of dWAT
(a) In mice, the initial development of hair follicles and dWAT, which occurs between 

embryonic days (E) 12.5 to E16.5, are largely independent from one another41,42. Reticular 

progenitor cells and adipose progenitor cells arise from common fibroblast progenitors. Hair 

follicles develop at the interaction sites between embryonic epidermis and papillary 

fibroblast progenitor cells. (b) During E17.5 to E18.5, development of hair follicles and 

dWAT are coupled4,41,44,45,110. Enlarged hair follicles activate several pro-adipogenic 

signalling pathways, including Hedgehog45 and Bmp48. In response to hair follicle-derived 

signals, adipose progenitors rapidly differentiate. Small multilocular adipocytes appear first 

and then mature into large unilocular cells over several days. (c) dWAT peaks in thickness by 

postnatal day (P) 12, which is when anagen hair follicles fully develop4. dWAT contains 

differentiated adipocytes and adipocyte progenitor cells. (d, e) Between P19 to 21, hair 

follicles undergo regression into telogen stage. Concomitantly, dWAT collapses, partially 

through cell lipolysis to less than half of its anagen size4,41. At the same time, adipose stem 

cells (ASCs) expand via proliferation and give rise to late stage adipose progenitor cells 

(green)6. Autocrine Pdgfα mediates the expansion of adipose progenitor cells46. (f) During 

second anagen, up to 40% of adipocytes in enlarged dWAT are new, derived from expanded 

progenitors45.
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Figure 3. Signalling crosstalk between dWAT and hair follicles in mice
(a) During early, refractory telogen, dermal adipocytes signal to inhibit anagen entry by hair 

follicles. This inhibitory effect is in part mediated by dermal adipocyte-derived Bmp 

ligands28. (b) During late, competent telogen, dermal adipocytes reduce Bmp ligand 

production. Reduction in hair cycle inhibitors enables hair follicles to easily respond to other 

growth-activating stimuli; hence they become competent11,26,28. At the same time, adipose 

progenitors secrete Pdgfα, which has hair cycle-activating effects6. (c) During anagen, 

enlarged hair follicles secrete ligands for multiple pro-adipogenic signalling pathways, 

including Bmp48 and Hedgehog45. These ligands act on dermal preadipocytes to stimulate 

their differentiation into lipid-laden adipocytes. Other putative signals from hair follicles, not 

indicated here, could also induce adipogenesis. (d) During catagen, dWAT reduces in size, 

mediated, in part, by lipolysis. The signalling mechanism of dWAT reduction is not fully 

understood, but it probably involves the loss of HF-derived adipogenic activators and/or 

production of additional anti-adipogenic factors.
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Figure 4. Role of dWAT in skin defence and regeneration in mice
(a) Upon skin infection with Staphylococcus aureus, dWAT expands via hypertrophy and 

hyperplasia, irrespective of hair cycle stage. Responding to bacterial presence, expanded 

adipocytes secrete cathelicidin antimicrobial peptide (Camp), which has direct bacterial 

killing activity95. (b) Upon small excisional wounding, dWAT progenitors migrate from the 

wound edge into the wound bed and stimulate recruitment of fibroblasts, which are tasked 

with normal scar tissue formation89. (c) In large excisional wounds, new adipocytes 

regenerate de novo from non-adipogenic myofibroblasts. This process is driven by Bmp 

signals secreted by neogenic hair follicles in the wound centre. Bmps induce adipogenic 

lineage commitment of myofibroblasts, a process that depends on Zfp423 activation48.
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