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functions. Characterized by strong communication with other components of the skin, dAWAT mediates
the proliferation and recruitment of various cell types by releasing adipogenic and inflammatory factors.
Here, we focus on the modulatory role of dWAT at different stages during wound healing, highlighting its
ability to mediate the adipocyte-to-myofibroblast transition which plays a pivotal role in the physiology
. and pathology processes of skin fibrosis, scarring, and aging. This review highlights the regulatory po-

Wound healing . . . . . X
Dermal white adipose tissue tential of dWAT in modulating wound healing processes and presents it as a target for developing
Skin therapeutic strategies aimed at reducing scarring and enhancing regenerative outcomes in skin-related

Regeneration disorders.
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1. Introduction

Skin, the largest organ of the human body, is composed of the
epidermis, the dermis, and the hypodermis or subcutaneous adi-
pose layer [1—3]. As the first barrier against external stimuli, skin is
highly susceptible to injuries that can result in fibrotic and non-
functional scars during wound healing, affecting millions of peo-
ple worldwide each year [4,5].

Notably, adipose tissue, situated within the dermal layer of the
skin, is gaining recognition as a significant contributor to tissue
repair [6]. In addition to storing and mobilizing lipids in response to
systemic nutritional and metabolic demands, adipose tissue
actively participates in maintaining skin homeostasis [7,8]. As one
of the important components of adipose tissue, dermal white adi-
pose tissue (AWAT) resides beneath and is partially integrated with
the reticular dermis, playing a crucial role in the wound healing
process [6,9,10]. Despite this, dWAT in the skin serves indispensable
metabolic roles such as energy storage, thermal insulation, adipo-
kine secretion, and mechanical support [11,12]. In the past decade,
alongside its traditional metabolic functions, the nonmetabolic
roles of dWAT have garnered increasing attention, including
modulating inflammation, facilitating the hair cycle, and tissue
remodeling. Research has focused on its ability to undergo periodic
remodeling in accordance with the hair cycle, highlighting the
intricate signaling interplay between hair follicles and dWAT [13]. It
has been suggested that deficiencies in dWAT function may disrupt
the hair cycle [13,14]. Furthermore, recent findings have under-
scored dWAT's involvement in wound healing, attributed to the
release of adipocyte-derived lipids that facilitate macrophage
recruitment and revascularization [15,16], as well as the mediation
of fibroblast function to promote tissue regeneration rather than
scarring. In this review, we aim to underscore the pivotal role of
dWAT in skin protection, wound repair, and regeneration.

2. Dermal adipose tissue and wound healing

The process of wound repair typically unfolds through three
distinct but interrelated stages: inflammation, new tissue forma-
tion, and remodeling [ 15]. The inflammatory phase, which spans up
to 48 h post-injury, is characterized by the formation of fibrin clots
within an anoxic environment, facilitating the recruitment and
proliferation of migrating cells [17,18]. Subsequently, the prolifer-
ative phase unfolds over days to weeks, during which the initial clot
transforms into granulation tissue, aided by chemoattractant
derived from inflammatory cells that promote the migration of cells
such as adipose-derived stem cells (ADSC) and fibroblasts into the
wound [19]. Finally, the remodeling stage extends for a year or
more, during which disorganized collagen III is gradually replaced
by collagen type I, and blood vessels regress as endothelial cells,
macrophages, and myofibroblasts either undergo apoptosis or exit
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the injury site [20,21]. Throughout these stages, characterized by
persistence and overlap, dWAT plays a crucial role through para-
crine signaling and cellular transition between myofibroblast and
adipocyte.

2.1. Inflammation phase

During the inflammatory phase, the continuous infiltration of
neutrophils, monocytes, and lymphocytes stands out as a hallmark
[18]. Immunocytes represent the second most abundant cellular
component within adipose tissue, following adipocytes. The deli-
cate equilibrium and reciprocal interactions between adipocytes
and immunocytes play pivotal roles in sustaining metabolic and
immune homeostasis. For instance, when adipose tissue undergoes
a state of chronic but low-grade inflammation, it becomes infil-
trated by type 1 macrophages and T cells, thereby eliciting the
production of pro-inflammatory mediators that disrupt metabolic
functionality, culminating in metabolic dysregulation [22].
Conversely, excessive adipose accumulation and concomitant in-
sulin resistance are intricately linked to alterations in both the
quantity and functionality of immunocytes, notably the augmen-
tation and activation of type 1 macrophages and T cells [23,24].
When the skin is injured, adipose cells facilitate the activation and
progression of the inflammatory response through various
mechanisms.

2.1.1. Adipocytes orchestrate macrophage function

Researchers have demonstrated that the loss of dermal adipo-
cytes leads to a significant delay in skin wound healing, accompa-
nied by impaired recruitment of inflammatory macrophages.
Further studies have revealed that dWAT upregulate breakdown of
triglyceride, resulting in the release of fatty acids, including pal-
mitoleic acid and oleic acid, around the wound site. This, in turn,
attracts and activates pro-inflammatory macrophages, expediting
wound vascularization. Interestingly, the molecular mechanisms
through which dermal adipocytes influence macrophage pheno-
type transition via metabolic products remain unclear [25]. Future
investigations will be required to elucidate how adipocytes regulate
macrophage activity in dWAT, potentially involving mechanisms
such as exosomes and metabolic programming.

The activation of lipolysis is associated with increased lipid
mobilization and increased numbers of adipose tissue macro-
phages. Adipocyte-derived lipids might be directly signaling to
macrophages because macrophages express multiple fatty acids
(FAs) receptors and transporters, and inflammatory macrophages
rely on glycolysis for energy [26]. Interestingly, heat-inactivated,
adipocyte-conditioned media increases monocyte/macrophage
migration in vitro, demonstrating that lipids can promote macro-
phage migration [27]. Researchers observed that inhibiting dermal
adipocyte lipolysis decreases the number of medium-chain FAs that
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could promote macrophage migration through GPR84 signaling
[25,28]. Mechanistically, upon activation by fatty acids (FAs), GPR84
primarily couples with Gi/o proteins in the cell membrane, leading
to the phosphorylation of Akt, ERK1/2, and NF-kB-p65 in macro-
phages. This signaling cascade enhances the expression of various
pro-inflammatory cytokines, including TNFa, IL-6, and IL-12B, as
well as chemokines such as CCL2, CCL5, and CXCL1, particularly in
LPS-treated macrophages [29].

Macrophages are key cells that mediate the innate immunity of
neutrophils and the adaptive immunity of T cells. Adipose tissue
regulates macrophage function by secreting relevant factors, which
orchestrate the changes during the healing phases. The polarized
state of macrophages can be classified into two subsets: classically
activated (M1) and alternatively activated (M2). M1 macrophages
are characterized by high expression of genes associated with pro-
inflammatory cytokines and oxidative stress, including TNF-alpha,
IL-6, MCP-1, and iNOS. In contrast, M2 macrophages express
genes encoding arginase-1, Mrc1 (CD206), Ym1, and IL-10, which is
an anti-inflammatory cytokine [30]. dWAT contains a higher pro-
portion of M2-type macrophages compared to skin tissue, marked
by CD163 expression and the absence of CD11c. Additionally, dWAT
is rich in ADSCs, which promote the polarization of macrophages
towards the pro-repair M2 phenotype. This polarization alleviates
excessive inflammatory responses and oxidative stress during tis-
sue damage, creating a favorable environment for healing [31].
Transplanting ADSCs into wound beds can alter the phenotype of
wound bed macrophages, inducing TGF-B(1)-dependent angio-
genesis, fibroblast differentiation, and granulation tissue formation,
thereby enhancing overall tissue repair [32]. The adipocytes, as the
primary components of dWAT, play a crucial role in controlling
inflammation and regulating immune responses. They secrete
adipokines—such as inflammatory factors (IL-1 and IL-17) and
fibrotic factors (TGF-B1). For instance, the adipokine leptin pro-
motes the production of pro-inflammatory cytokines and activates
CD4" and CD8™ T cells [33]. Conversely, the adipokine adiponectin
has an anti-inflammatory effect by inhibiting tumor necrosis factor-
alpha expression in monocytes, suppressing macrophage and T-cell
proliferation, and reducing IL-10 production [33]. Future studies
elucidating the mechanisms by which FAs drive macrophage
recruitment to tissues may lead to therapies for multiple inflam-
matory conditions.

2.1.2. Adipocytes trigger inflammation via cytokines and adipokines
Adipocytes exhibit a multifaceted response to tissue injury,
playing crucial roles beyond mere release of fatty acid. In addition
to their capacity for antigen recognition via pattern recognition
receptors and adaptor proteins, adipocytes contribute significantly
to the inflammatory milieu by secreting an array of inflammatory
cytokines and chemokines, notably interleukin-6 (IL-6),
interleukin-8 (IL-8), and various adipokines [34]. Among these,
leptin and adiponectin emerge as key adipokines with distinct
immunomodulatory functions. While leptin promotes the produc-
tion of proinflammatory cytokines and activates both CD4 and CD8
T cells [35,36], adiponectin exerts anti-inflammatory effects by
inhibiting tumor necrosis factor-alpha (TNF-a) expression and
suppressing the proliferation of macrophages and T cells [37].
Following skin tissue damage, inflammation, or bacterial infec-
tion, adipose tissue undergoes localized expansion, termed reactive
adipogenesis. In response to Staphylococcus aureus skin infection,
the expanded dermal fat depot synthesizes cathelicidin [38].
Among these antimicrobial peptides, human LL-37, expressed in
neutrophils and inflamed skin keratinocytes, serves as a prominent
mediator of innate defense responses [39]. Besides their antimi-
crobial properties, antimicrobial peptides, including cathelicidins,
facilitate skin healing by promoting re-epithelialization [40]. This
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observation aligns with previous research indicating that
adipocytes release a plethora of adipogenic and inflammatory fac-
tors, thereby orchestrating the inflammatory cascade following
injury [41].

In summary, the inflammatory phase is critical for initiating the
wound healing process, with dWAT playing a central role in
modulating immune cell recruitment and activation. By releasing
fatty acids and cytokines, dWAT influences macrophage function,
which is vital for the subsequent transition to the new tissue for-
mation phase.

2.2. New tissue formation phase

2.2.1. dWAT contributes to the recruitment of fibroblasts

After the hemostasis and the clearance of foreign pathogens by
immune cells, the second stage consists of the proliferation and
migration of different cells. Fibroblasts play a key role in promoting
wound healing, which undergoes marked changes in gene
expression and phenotype. Most of the fibroblasts are stimulated
by macrophages and attracted from the edge of the wound and
bone marrow, and some differentiate into myofibroblasts [42,43].
During this process, dWAT serves important functions, such as the
recruitment of fibroblasts and the transition mechanism of myofi-
broblasts [44]. Inhibition of adipogenesis results in impaired
wound healing with the reduction of fibroblast migration,
demonstrating the indispensable role of dWAT and intercellular
communication between adiposes and fibroblasts during wound
healing [45].

2.2.2. dWAT contributes to the transition of fibroblasts

Following hemostasis and the clearance of foreign pathogens by
immune cells, the subsequent phase of wound healing involves the
proliferation and migration of various cell types. Fibroblasts, in
particular, play a pivotal role in driving wound healing processes,
marked by significant changes in gene expression and cellular
phenotype. Cytokine stimulation triggers the activation of most
fibroblasts, prompting their migration from the wound's periphery,
with some originating from fascial tissue [42,43]. Throughout this
intricate process, dWAT assumes crucial functions, including the
recruitment of fibroblasts and the orchestration of myofibroblast
transition. Inhibition of adipogenesis leads to impaired wound
healing, characterized by reduced fibroblast migration, under-
scoring the essential role of the interplay between adipose tissues
and fibroblasts in the wound healing cascade [45].

Prior studies have indicated a potential shared lineage rela-
tionship between fibroblasts and adipocytes, suggesting their
derivation from a common fibro/adipogenic progenitor during
skeletal muscle regeneration [46,47]. Notably, investigations
employing transgenic lineage-tracing mice have provided
compelling evidence supporting the hypothesis that dermal adi-
pocytes may serve as progenitors for myofibroblasts in fibrotic
conditions. Specifically, in murine models of bleomycin-induced
fibrosis, genetically labeled adipocytes underwent a transition
characterized by the loss of adipocytic markers and the acquisition
of myofibroblast features [48].

In the realm of wound healing, research has unveiled the po-
tential of dermal adipocytes to migrate into the wound bed, un-
dergo dedifferentiation and assume a fibroblast-like phenotype.
Studies by Shook et al. demonstrated that following complete lipid
depletion, dermal white adipocytes undergo a process of dediffer-
entiation, transforming into myofibroblasts that migrate to the
injury site and contribute to wound healing through the secretion
of extracellular matrix ( ECM ) components [25]. A recent study
published in Cell Metabolism indicates that adipocytes from both
sWAT and dWAT serve as an important cell source for early wound
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repair [49]. This phenomenon of adipocyte dedifferentiation has
also been observed in various organ systems, including mammary
tissue and hair follicle cycling [50,51]. Furthermore, investigations
have highlighted that the wound microenvironment stimulates
dermal adipocyte-derived fibroblasts at the wound margin to re-
enter the cell cycle. These collective findings underscore the
remarkable cellular plasticity of dermal adipocytes in promoting
tissue repair, challenging the traditional notion of adipocytes as
terminally differentiated cells [25,52].

Myofibroblasts actively participate in wound healing and
regeneration, significantly impacting its outcome due to their dual
characteristics of fibroblast-like secretory activity and smooth
muscle cell-like contractile function [53]. Myofibroblasts can con-
tract the edges of the wound and interact with fibroblasts and
produce ECM through their contractile properties, excessive
collagen deposition, and secretion of profibrotic cytokines. Studies
have identified the myofibroblast as a plastic cell type that can
reprogram and generate adipocytes and contribute to scar forma-
tion [20]. As previously implicated, mature adipocytes acquire a
fibroblast-like transcriptional signature after wound signals, the
dermal adipocyte-to-myofibroblast transformation supports the
key role of dWAT in the pathogenesis of fibrosis and scarring of the
skin. This further suggests that inhibition or reversal of adipocyte
transdifferentiation into myofibroblasts, enhanced survival of
adipocyte stem cells and their progeny, and expression of anti-
fibrotic cytokines are potential strategies for effective anti-fibrotic
therapy [48].

Myofibroblasts actively contribute to wound healing and
regenerative outcomes, exerting a significant impact due to their
dual characteristics of fibroblast-like secretory activity and smooth
muscle-like contractile function [5]. Through mechanical contrac-
tion signals, myofibroblasts engage with fibroblasts and drive the
production of abnormal ECM characterized by excessive collagen
deposition and profibrotic cytokine secretion. Notably, research has
recognized myofibroblasts as a versatile cell type capable of being
reprogrammed into adipocytes to potentially rescue scar formation
[20]. As previously observed, mature adipocytes undergo a shift
toward a fibroblast-like transcriptional profile in response to
wound signaling, underscoring the significance of dermal
adipocyte-to-myofibroblast transformation in the pathogenesis of
fibrosis and scar formation. This suggests that inhibiting or
reversing the differentiation of adipocytes into myofibroblasts,
promoting the survival of adipocyte stem cells and their progeny, or
reprogramming myofibroblasts into adipocytes may represent po-
tential strategies for effective anti-fibrotic therapy.

In the proliferative phase, factors secreted by macrophages, such
as transforming growth factor-f (TGF-B), induce the trans-
differentiation of fibroblasts into myofibroblasts [5]. In the process
of fibroblast-myofibroblast transition, TGF-B1 signals through the
Smad2/3 pathway, leading to the upregulation of Smad target
genes, including various ECM molecules and integrin receptors.
These integrin receptors can bind to the arginylglycylaspartic acid
(RGD) peptide within the latent TGF-B complex, exposing a cleav-
age site that facilitates the release of active TGF-f. This mechanism
establishes a feed-forward loop, perpetuating the process through
the site-specific activation of TGF- once it is initiated [54].

ADSC play a vital role in wound healing and remodeling due to
their multipotent capability. However, TGF--mediated myofibro-
blast differentiation of ADSC exacerbated skin fibrosis. Adipocyte
dedifferentiation into myofibroblasts, known as the adipocyte-
myofibroblast transition (AMT), plays a significant role in the
development of skin fibrosis [48]. This process is largely driven by
TGF-B signaling, leading to the loss of adipogenesis markers and the
accumulation of «-SMA-positive myofibroblasts. Both adipose
progenitor cells and mature adipocytes can contribute to AMT, with
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mature adipocytes dedifferentiating into PDGFRa+ preadipocytes
as an intermediate step [51]. Strategies to reverse this process
include inhibiting TGF-f signaling and utilizing PPARy agonists or
activators of the adiponectin receptor signaling pathway to block
the fibrotic response [55,56]. Additionally, adiponectin plays an
anti-fibrotic role by regulating TGF-B and CTGF signaling [57,58],
highlighting the therapeutic potential of activating adiponectin
receptors to alleviate fibrosis. Remodeling of the dermis is essential
in the wound healing process to avoid the formation of depressed
scars. Adipocytes can repopulate skin wounds after inflammation
and during fibroblast and endothelial cell recruitment. During this
process, adipocyte precursor cells proliferate and mature adipo-
cytes repopulate skin wounds after inflammation and concurrently
with fibroblast migration [45].

In the process of AMT, Wnt-B-catenin plays a stabilizing role.
The Wnt/B-catenin pathway is implicated in the pathogenesis of
systemic sclerosis and drives fibrosis by promoting fibroblast acti-
vation while inhibiting adipocyte differentiation. In transgenic mice
expressing persistently active B-catenin in platelet-derived growth
factor receptor alpha-positive (PDGRa+) progenitor cells, there is a
notable attrition of the dWAT layer and an increase in fibrotic
dermis [59]. This process is characterized by a decrease in adipocyte
differentiation markers (e.g., FABP4, perilipin, CCAAT/enhancer-
binding protein o) and the replacement of dWAT with fibrotic tis-
sue. Specifically, the continuous activation of f-catenin in PDGRa.+/
Scal+ fibroblasts indicate a significant impairment of adipogenesis,
which facilitates the transition of progenitor cells into fibrotic fi-
broblasts rather than adipocytes [60]. Therefore, the Wnt/B-catenin
pathway is critical in driving fibrosis by suppressing adipogenesis
and promoting the proliferation of fibrotic fibroblasts. PPARY is the
main regulator of adipogenesis and is essential for the differentia-
tion of adipocytes. When PPARy expression is inhibited via the
Wnt/B-catenin signaling pathway, adipocytes convert into fibro-
blasts. This transition adversely affects regenerative outcomes, as
PPARY activation typically promotes adipocyte differentiation and
supports tissue repair and regeneration [61,62]. In healthy tissue,
activated PPARy enhances the regenerative capacity of dWAT,
contributing to adipose tissue stability and functionality. Thus,
PPARY serves as a key factor in fostering regenerative outcomes,
counteracting the profibrotic effects of the Wnt/B-catenin pathway.

During the proliferative phase, the wound bed undergoes a
dynamic process wherein adipocyte precursor cells repopulate,
concomitant with the recruitment of fibroblasts and endothelial
cells, ultimately leading to the formation of dWAT. This cellular
rearrangement is orchestrated, in part, by the secretion of cytokines
by macrophages, with TGF-$ being a prominent player. Notably,
TGF-B facilitates the transdifferentiation of fibroblasts into myofi-
broblasts, thereby contributing to tissue remodeling. Moreover,
TGF-B exerts a regulatory influence on ADSC within the dWAT
microenvironment, promoting their differentiation towards a
myofibroblast phenotype. Conversely, the action of bFGF opposes
this process, mitigating the transformation of ADSC into
myofibroblasts.

2.2.3. dWAT interactions with keratinocytes and endothelial cells
Subsequent to the inflammatory phase, fibroblasts and endo-
thelial cells migrate to the wound area, where they produce vas-
cularized connective tissue and fresh tissue with a granulation
appearance. Concurrently, Kkeratinocytes proliferate from the
wound edges towards the center, thereby covering the wound with
a new epidermal layer. dWAT not only interacts with fibroblasts but
also plays a significant role in the behavior of keratinocytes and
endothelial cells, which are crucial in the wound healing process.
dWAT influences epithelialization by affecting keratinocyte
migration. During the healing process of skin defects, the
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subcutaneous fascia migrates to fill the wound bed [63], aided by
various cell types including fibroblasts in the fascia, adipocyte-
derived myofibroblasts, local fibroblasts, and dermal myofibro-
blasts. Collectively, these cells remodel the ECM [25], creating a
supportive scaffold that promotes the migration and proliferation
of keratinocytes. dWAT also plays a pivotal role in promoting
angiogenesis, particularly through the action of ADSCs present
within the tissue. ADSCs contribute to wound healing by secreting a
variety of growth factors, including vascular endothelial growth
factor (VEGF) and epidermal growth factor (EGF), which are crucial
for endothelial cell proliferation, migration, and new blood vessel
formation. Notably, ADSCs enhance the release of these growth
factors under hypoxic conditions, which are common in damaged
tissues [64,65].

The ability of dWAT to regulate fibroblast, keratinocyte and
endothelial cell activity as well as ECM deposition becomes critical
as the wound transitions from the inflammatory phase to the phase
of new tissue formation. This coordinated process ensures effective
wound closure and sets the stage for the final phase of dermal
remodeling.

2.3. Remodeling phase

In the final phase of tissue repair, characterized by programmed
cell death of endothelial cells, macrophages, and myofibroblasts,
fibrotic masses predominantly composed of collagen and other
ECM proteins develop [15]. Notably, myofibroblasts play a pivotal
role in this process by secreting matrix metalloproteinases (MMPs),
which facilitate the gradual replacement of type III collagen with
type I collagen within immature scars, thereby enhancing the
mechanical strength of the healed tissue [66]. However, dysregu-
lation of collagen metabolism can lead to the formation of keloids,
characterized by abnormal collagen fiber structures and excessive
ECM production, significantly impacting patient outcomes [67].
Interestingly, dWAT exhibits a spatial distribution primarily in scar-
prone areas, suggesting potential involvement in the pathogenesis
of fibrosis. During Bleomycin-induced dermal fibrosis in murine
models, adiponectin-positive precursor cells, typically restricted to
dWAT, disperse throughout the damaged dermis over time [48].
These cells lose their adipocyte-specific markers and express
myofibroblast markers, indicating a phenotypic transition possibly
related to the fibrotic response [44]. The absence of dWAT and
reduced lipogenesis are consistent features observed in skin
fibrosis, highlighting the potential significance of dWAT in modu-
lating fibrotic processes.

Concurrently, dWAT exhibits regenerative potential, as evi-
denced by the possible transition of adipocytes from myofibro-
blasts. Recent investigations have elucidated the capacity of wound
myofibroblasts to undergo lineage conversion towards the adipo-
cyte lineage [25]. These findings underscore the prospect, post-
injury, to steer tissue regeneration rather than scarring by pro-
moting the transformation of myofibroblasts into adipocytes.
Intriguingly, genetic lineage tracing studies have indicated that
wound adipocytes do not undergo conversion into fibrogenic
myofibroblasts [68]. While a comprehensive comprehension of the
impact of dermal adipocytes on tissue remodeling remains
imperative, these observations bear significance, illustrating the
potential utility of dWAT as a strategy for mitigating or potentially
reversing scarring, with broader implications for organ systems
beyond the skin.

The remodeling phase marks the culmination of wound healing,
where dWAT may not only influence fibrosis but also contribute to
tissue regeneration by transitioning myofibroblasts back to adipo-
cytes. Understanding this plasticity is key to developing therapies
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aimed at reducing scarring and promoting regenerative healing
(Fig. 1).

3. Aging adipose and wound healing

Affected by various internal and external factors such as the
change in hormone levels and environmental conditions, tissue
integrity, function, and regenerative capacity decline with age
resulting in a delayed healing process and non-healing wounds
[42]. As far back as 1916, research has recognized that the healing of
skin wounds is delayed in the elderly, and this has been reinforced
by much clinical and experimental evidence to date [69]. With age,
the structure of each layer of skin changes to varying degrees. As
the skin ages, dWAT undergoes changes that affect immune re-
sponses, angiogenesis, and fibrosis. The aging process increases M1
pro-inflammatory macrophages and decreases M2 macrophages
[70], leading to a chronic inflammatory state that hinders tissue
repair and promotes fibrosis. Studies have shown that in the
epidermis, the papilla and bulge at the epidermal-dermal junction
become flat with age, and the keratinocyte proliferation activity
and migration rate decrease, leading to skin aging and thinning of
the epidermal layer [71]. The density and volume fraction of
collagen in the dermis will decrease significantly, the degree of
disorder will increase, and the elastin form will be disordered,
which is manifested as a decrease in skin elasticity [72]. Aging also
impairs angiogenesis in dWAT. Reduced levels of VEGF and other
angiogenic factors in dWAT lead to poor blood vessel formation,
delaying wound healing due to insufficient oxygen and nutrient
supply to the tissue [73]. As we age, the total volume of subcu-
taneous adipose tissue decreases and its thermoregulatory function
becomes progressively weaker. At the same time, as adipose tissue
can play a key role in buffering stress, the skin of elderly patients is
more susceptible to the effects of high mechanical pressure, local
tissue ischemia, and ulcer formation. Age-related fibrosis is exac-
erbated by the AMT, driven by TGF-f signaling, which converts
adipocytes into myofibroblasts. This leads to excessive collagen
deposition and fibrosis, worsening the skin's ability to heal [74].
Several studies have shown that although healthy elderly people
can achieve normal wound healing, disrupted age-related changes
are present to some extent ats every stage of wound healing.
Therefore, the contribution of dWAT in the healing process of older
cutaneous wounds deserves additional attention.

3.1. Aging excaberates inflammatory response via adipocyte-
macrophage interactions

Aged individuals exhibit a chronic inflammation state in the
whole body, which is known as inflammaging [75]. Inflammag-
ing resulted in overactivated immune response in aged wound
sites, which is characterized as overexpression of pro-
inflammatory cytokines and prolonged inflammation stage [76].
Senescent cells are known to accumulate in various tissues as
part of the aging process, including dWAT [77]. This accumula-
tion is often attributed to factors such as oxidative stress, chronic
inflammation, and cellular damage, which are prevalent in aging
tissues [78]. Recent evidence indicates that a higher accumula-
tion of senescent cells in adipose tissue may play a role in pro-
moting the pro-inflammatory phenotype associated with aging,
which is essential for the effective clearance of these cells [79].
With aging, dWAT expresses higher levels of adiponectin and
inflammatory factors, along with lower levels of leptin, which
resulted in adipocyte hypertrophy [80]. Enlarged adipocytes lead
to tissue hypoxia which inhibits angiogenesis and promoting
wound fibrosis [81]. Furthermore, with the aging process, the
level of adipocyte apoptosis increases, and the released DAMPs
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and various inflammatory factors like TNF-a, CXCL1, and in-
terleukins collectively recruit macrophages [82]. Macrophages
are core participants in the SASP within aging WAT tissue [79].
Aging adipose macrophages predominantly exhibit an M1
phenotype, characterized by high expression of the JNK and TLR
pathways [83]. Recent studies showed that aging macrophages
dysregulated adipose metabolism and wound healing mainly
through elevated IL-6 and IL-33 [84]. Besides, senescent adipose
macrophages are also characterized by the breakdown and
mobilization of fatty acids. Elevated expression of
catecholamine-degrading enzymes in adipose macrophages im-
pedes the transmission of signals for triglyceride breakdown to
adipocytes. Notably, this process is notably dependent on the
nod-like receptor pyrin domain-containing 3 (NLRP3) inflam-
masome [85]. This inflammasome, secreted by macrophages, can
be activated by various pathogen- or damage-associated molec-
ular patterns [86]. Studies have shown that deletion of NLRP3
can ameliorate age-related alterations in visceral white adipose
tissue (VWAT) [87]. Conversely, inflammatory factors produced
by senescent macrophages, such as IL-18, promote insulin
resistance in adipose tissue, exacerbating adipose hypertrophy
and consequently leading to tissue hypoxia and cell apoptosis
[88]. On the other hand, senescent macrophages promote the
differentiation of adipocyte progenitors into myofibroblasts,
contributing to wound fibrosis [52]. Therefore, the interaction
between macrophages and adipocytes plays a crucial role in all
stages of wound healing, with inflammaging presenting a
promising therapeutic target.
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3.2. Aged dWAT dysregulates fibroblast function in proliferation
phase

The huge structural change of the aging skin, especially in the
structure of the dermis which is mainly composed of fibroblasts
and ECM impairs the proliferation phase of wound healing. During
aging, fibroblast density is reduced while cell volume enlarges to fill
the space. Salzer et al. [89] proved that skin fibroblasts acquired an
adipogenic profile with aging and transformed into adipogenic
lineage cells, leading to decreased cell density and ECM expression.
Corresponding to this result, another research identified that dWAT
abundance increases with age [51]. Kruglikov et al. found that
dWAT modifications induced by extrinsic or intrinsic aging affect
fibroblast function. With age, both the number and the size of ad-
ipocytes increase, which is also seen in obesity [90]. Enlarged adi-
pocytes negatively control dermal fibroblast function through
activation of toll-like receptors (TLRs) by secreted free fatty acids
(FFA) [91]. The bigger cells also lead to decreased nutrient transport
and probably accelerate metabolic disorders and inhibit cell
signaling. Severe hypertrophy makes it harder for oxygen to get
into cells and leads to an oxygen-poor environment, which is also
why obesity causes cells to lack oxygen [92]. Furthermore, with the
thinning of capillaries and significantly reduced blood flow, blood
vessel density in elderly skin decreases [93]. Other studies indi-
cated VEGF expression and vascular density in mouse adipose tis-
sue decreased in an age-dependent manner, this is worsened by
inadequate compensation from the blood vessels [94,95]. To
conclude, decreased fibroblast activity, hypoxia and ischemia
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impede the wound healing process, all of which can be closely
regulated by dWAT.

3.3. Aging adipose enhances fibrosis in the remodeling phase of
wound healing

The remodeling phase of wound healing exhibits less variability
in an aging milieu compared to the earlier stages [96]. In aged skin,
there is an upregulation in the expression of MMPs, leading to
heightened collagen degradation [3]. Aging skin manifests three
distinct morphological alterations: a modest reduction in dermal
thickness, a significant expansion of dWAT at the dermal-
subcutaneous interface, and a notable decline in sWAT [97]. Sal-
zer et al. [89] observed reduced expression of ECM-related genes,
particularly collagen and glycosaminoglycan enzymes, in aging
dermal fibroblasts, juxtaposed with heightened expression of
markers associated with immune response and adipogenesis,
including adipocyte differentiation. In aging individuals, senescent
fibroblasts exhibit a senescence-associated phenotype that replaces
the normal fibroblastic phenotype, leading to reduced fibronectin
secretion and exacerbating tissue fibrosis [98]. These changes in
aged dermal fibroblasts may culminate in diminished fibrotic ca-
pacity during wound healing and the acquisition of pro-adipogenic
characteristics [99]. Concurrently, there is an elevation in the ac-
tivity of proteolytic enzymes, a decrease in collagen synthesis, and a
delay in collagen remodeling in aged skin. Senescent fibroblasts
exhibit a senescence-associated secretory phenotype (SASP),
characterized by the production of high levels of MMPs, which
exacerbates tissue degradation and ECM dysfunction [100]. On the
other hand, ECM dysfunction and tissue fibrosis lead to decreased
mobility of resident memory cells, causing cell membrane damage.
This results in the release of damage-associated molecular patterns
(DAMPs), which in turn trigger tissue inflammation [101]. Conse-
quently, aging skin manifests wrinkles and loss of elasticity due to
disorganized and weakened collagen bundles. These structural al-
terations heighten the susceptibility of older individuals to injury
and disease. Intriguingly, aging may entail adipose tissue fibrosis, as
evidenced by increased collagen density in VWAT in aged mice [95].
In summary, the diminished collagen synthesis and remodeling
capacity in aging skin impede wound healing; however, the
metabolic and expansionary dynamics of adipose tissue may serve
to mitigate excessive fibrosis post-wound healing.

4. Conclusion and future perspective

In this comprehensive review, our aim was to elucidate the
pivotal role of dWAT across various stages of wound healing, an
aspect overlooked in current literature. As experimental method-
ologies continue to advance, the significance of dWAT in diverse
processes such as hair follicle cycling and wound healing has
garnered increasing attention. Nonetheless, the molecular mecha-
nisms underlying dWAT-mediated wound healing remain elusive.

Characterized as a distinctive adipose depot, dWAT exhibits
intricate communication with other constituents of the skin.
Through the secretion of fatty acids and inflammatory factors,
dWAT orchestrates the proliferation and recruitment of diverse cell
populations crucial for wound healing. Significantly, the signaling
crosstalk between dWAT and these cells is bidirectional, necessi-
tating ongoing feedback from external stimuli to modulate dWAT
responsiveness. Particularly in the context of aging and obesity-
induced microenvironments, sustained and exacerbated inflam-
matory responses precipitate metabolic dysregulation within
dWAT. However, the precise mechanisms through which the
equilibrium of interactions between dWAT and surrounding cells is
disrupted, and whether this imbalance engenders a reinforcing
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feedback loop, remain enigmatic. Consequently, a comprehensive
understanding of the intricate interplay between dWAT and
neighboring cells is imperative for delineating the mechanisms
governing wound healing.

The plasticity of dAWAT has emerged as a focal point of investi-
gation, diverging from the conventional perspective of adipocytes
as terminally differentiated cells. Recent findings have illuminated
a transition mechanism between myofibroblasts and adipocytes,
notably occurring concomitantly with the pathogenesis of skin
fibrosis and scarring [48,50,51]. This phenomenon aligns with ob-
servations that dWAT is predominantly found in regions prone to
scarring, while its presence is notably absent in dermal areas where
scarring is rare, such as the scalp, oral mucosa, and skin of early
fetus [17,67,102]. Consequently, further elucidation of the transition
mechanism and exploration of strategies to inhibit the dediffer-
entiation of dWAT hold promise for advancing anti-scarring and
antifibrotic interventions.

Moreover, the distinct physiological architectures of mouse and
human dWAT warrant investigation. In humans, dWAT directly
interfaces with sWAT due to the absence of the panniculus carno-
sus. Studies have indicated a reduction in dWAT in patients with
systemic scleroderma, accompanied by marked downregulation of
adiponectin expression compared to normal control skin [103].
While dWAT across various species share a high degree of structural
similarity in other aspects, the debate persists regarding the
equivalent role of human dWAT in wound healing. Therefore,
further research endeavors are essential to elucidate the functional
significance of human dWAT in the context of wound healing.

As skin undergoes aging processes, dWAT undergoes multifac-
eted changes. These age-associated alterations extend beyond
metabolic disturbances to encompass immune cell infiltration,
diminished vasculature, and heightened fibrotic tendencies. These
pathological transformations collectively impact the efficacy of skin
wound healing. To explore promising therapeutic modalities for
age-related conditions, further investigations are imperative to
gain a comprehensive understanding of dWAT dynamics and its
age-related changes (Fig. 2).

Recent advancements underscore the potential of dWAT as a
therapeutic target in various clinical applications, including wound
healing, scar prevention, and anti-aging therapies. The differenti-
ating role of ADSC in aging has been highlighted in various studies
[104—106]. ADSC are capable of differentiating into multiple cell
types, such as adipocytes, chondrocytes, and osteoblasts, which
makes them essential for tissue regeneration. In aging tissues,
ADSCs play a critical role by replenishing damaged or aging cells
and promoting tissue repair. In the context of secretion potential,
ADSC-exosomes (ADSC-exo) can be internalized by fibroblasts and
influence immune cells indirectly, promoting wound healing by
activating the PI3K/AKT and ERK pathways, which aid in reepi-
thelialization, collagen deposition, and neovascularization [107].
ADSCs-exo under hypoxia has advantages in promoting angiogen-
esis and bone healing compared with that under normorxia.
Studies have shown that Hypoxic ADSC-exosomes (HypADSCs-exo)
promotes fibroblast proliferation and migration by activating PI3K/
AKT pathway, which can accelerate healing of diabetic wounds
[108]. High-throughput sequencing analyses revealed that hypoxic
exosomes exhibit differential expression of microRNAs (miRNAs),
with 215 miRNAs upregulated and 369 downregulated compared to
normoxic exosomes. Key upregulated miRNAs, including miR-21-
3p, miR-126-5p, and miR-31-5p, play vital roles in promoting
fibroblast proliferation and migration, while downregulated miR-
NAs like miR-99b and miR-146a contribute to the regulation of the
immune response [109,110]. Notably, HypADSCs-exo induced pro-
liferation, collagen metabolism and migration through PI3K/AKT
signaling pathway in human skin fibroblasts. Additionally,
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microvesicles derived from ADSCs can enhance angiogenesis and
promote rapid wound closure. The ERK pathway is particularly
important for cellular functions such as proliferation and migration.
In the context of wound healing, Adipose stem cell-derived
microvesicles (ASC-MVs) enhanced the expression of
proliferation-associated genes, including cyclins and c-Myc, which
facilitate cell cycle progression [111]. Moreover, ASC-MVs were
found to significantly increase the expression of angiogenic factors
like VEGFA and PDGFA in endothelial cells, contributing to
improved blood supply in wound beds [112]. Therapeutic strategies
using exosomal and microvesicle delivery systems have demon-
strated anti-inflammatory and antioxidant effects, offering prom-
ising avenues for reducing age-related oxidative stress and fibrosis.

Current research on dWAT in wound healing has primarily relied
on animal models, particularly transgenic mice, which have
revealed key insights into dWAT's role in cell differentiation and
fibrosis. While these models are effective, they have limitations due
to species differences, particularly the presence of the panniculus
carnosus in rodents, which is absent in humans. Additionally,
lineage tracing techniques offer valuable data on cell fate but lack
sufficient resolution to fully understand the molecular mechanisms
underlying dWAT plasticity. Future research should prioritize
developing human-based models, such as 3D skin cultures and
organoids, to better replicate human dWAT biology. Investigating
the plasticity of dWAT, especially the reversible transitions between
adipocytes and myofibroblasts, could unlock therapeutic strategies
to enhance wound healing and reduce scarring. Advanced tools like
single-cell RNA sequencing and proteomics will help identify the
molecular pathways involved, particularly those related to TGF-f
and adiponectin signaling. Finally, exploring the translational po-
tential of therapies targeting dWAT, including ADSC therapies and
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anti-fibrotic treatments, could significantly impact clinical wound
healing and fibrosis treatment.

In summation, the pivotal role of dWAT in the diverse phases of
wound healing continues to unfold, particularly in modulating in-
flammatory responses and scar formation. Recent research focusing
on the transition between dermal white adipocytes and myofi-
broblasts underscores the intricate involvement of dWAT in both
youthful and aged skin physiology. Advancing our comprehension
of dWAT functionality holds promise for the development of novel
interventions targeting wound healing and age-related ailments.
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