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Abstract
Purpose of Review Adipocytes have recently been shown to be able to reprogram to a myofibroblastic phenotype in a process
termed adipocyte mesenchymal transition (AMT). This review seeks to discuss the relevance of this process to disease and
explore its mechanisms.
Recent Findings AMT occurs in multiple organs and diseases, transdifferentiation goes through a precursor cell and there is a
reversible process that can be influenced by metabolic stress, myeloid cells, immune dysregulation, and pharmacological
intervention.
Summary AMT is a newly appreciated and highly relevant process in multiple forms of fibrosis. Targeting AMTmay serve as a
novel method of treating fibrosis.
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Introduction

Fibroblasts and myofibroblasts are tissue-resident mesenchy-
mal cells that serve as the main effectors in all forms of fibro-
sis, contributing to excessive scarring and organ dysfunction
in a diverse group of chronic conditions [1]. Given their cen-
tral role, fibroblasts and myofibroblasts have for two decades
been the primary focus of studies seeking to understand the
pathogenesis of fibrosis and the development of targeted anti-

fibrotic therapies. In this review, we will summarize recent
progress regarding the cellular origins of fibroblasts in fibrotic
states, and emerging evidence implicating a novel mechanism
of adipocyte-derived myofibroblast differentiation as an im-
portant and therapeutically tractable mechanism in fibrosis in
systemic sclerosis (SSc) and other diseases associated with
fibrosis.

Fibroblasts and Myofibroblasts

Fibroblasts are a heterogeneous group of tissue-resident mes-
enchymal cells. Fibroblasts produce collagen, are not termi-
nally differentiated, and, significantly, lack uniform cell sur-
face markers [2]. Multiple factors have been identified as trig-
gers for fibroblast activation and important in disease patho-
genesis. These include transforming growth factor-β
(TGF-β), IL-11, platelet-derived growth factor (PDGF),
Wnt, hedgehog, and YAP-TAZ signaling [3].When activated,
fibroblasts undergo extensive reprogramming and transition
to a myofibroblast phenotype. Myofibroblasts express stress
fibers giving them the ability to exert contractile forces in the
extracellular matrix (ECM). These contractile forces along
with excessive accumulation of collagen and other ECMmac-
romolecules that comprise the matrisome lead to rising tissue
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stiffness which activates mechanosensors and intracellular
mechanotransduction pathways, creating self-amplifying fi-
brotic loops [4]. As opposed to the tightly regulated physio-
logic process that occurs in normal wound healing, in fibrosis,
fibroblasts evade apoptosis and persist in a chronically acti-
vated state [5].

The origin of myofibroblasts in fibrotic tissue has been
the subject of intensive investigation but to date remains
controversial. Multiple contributing cells, mostly in the
perivascular niche, have been implicated but uncertainty
remains as to the main contributors [6]. While tissue-
resident fibroblasts are often thought to be a major pre-
cursor, lineage-tracing studies in mice have demonstrated
transdifferentiation or reprogramming from a number of
important non-hematopoietic cells types including epithe-
lial and endothelial cells, pericytes, as well as various
popula t ions of bone marrow–der ived cel ls [7] .
Epithelial-mesenchymal transition (EMT), a normal phys-
iological process involved in organogenesis during em-
bryonic development, has been documented in a number
of fibrotic diseases, particularly those affecting the lung
and kidney [8]. In this process, epithelial cells such as
alveolar pneumocytes lose their epithelial markers and
tight junctions and differentiate into an invasive mesen-
chymal phenotype with the ability to migrate [9]. More
recently, it has become apparent that vascular endothelial
cells can similarly switch their phenotype during
fibrogenesis. They do this by downregulating intercellular
adhesion molecules, such as cadherins, and expressing
stress fibers in a process known as endothelial mesenchy-
mal transition (EndMT) [10]. The process of EndMT
plays an important role in physiological angiogenic
sprouting and also accounts for the fibroproliferative vas-
culopathy and fibrosis in multiple diseases including SSc
[11]. These dynamic cell fate-switch processes make im-
portant contributions to fibrotic disease pathogenesis, and
precise characterization of their underlying mechanisms
opens new doors for targeted therapeutic interventions.

More recently, evidence has accumulated indicating
that fibroblasts represent a functionally heterogeneous cell
type, with distinct identities and states based on their em-
bryonic origin, organ specificity, and localization within
tissue [12, 13]. The advent of single-cell RNA sequencing
(scRNA-seq) has for the first time enabled the identifica-
tion of multiple relevant and previously unidentified dis-
tinct fibroblast and myofibroblast subpopulations and
states in a variety of normal tissue and fibrotic conditions
[14, 15].

In the skin, lineage tracing studies in mice have identi-
fied multiple embryonically determined fibroblast lineages
including one population of CD26+ cells with intrinsic
profibrotic potential [16]. In addition to embryonic origin,
the topographic location of fibroblasts also has a profound

influence on their function. Skin fibroblasts located in the
upper (papillary) or lower (reticular) layers of the dermis
express different cell surface markers and contribute to
fibrosis in distinct ways. Intriguingly, the cells in the lower
reticular dermis correspond to cells that have been identi-
fied by having profibrotic potential and share a common
mesenchymal precursor with the neighboring intradermal
adipocytes [17]. In the lung, an analogous population of
fibroblastic cells described as lipofibroblasts has been
identified and shown to contribute to myofibroblast
activation/formation in lung fibrosis [18]. In the liver, he-
patic stellate cells, also known as lipocyte (Ito cells), are
resident mesenchymal cells which play a major role in
fibrosis by transdifferentiating into myofibroblasts during
liver fibrosis [19].

Adipocytes are emerging as essential players in the
pathogenesis of fibrosis. Adipocytes are mesenchymal-
derived cells which function not only as a storage organ
for lipid droplets but also have important roles in endocrine
and paracrine effects mediated through hormones known
as adipokines [20]. It has become evident that changes in
white adipose tissue modulate fibrotic outcomes in multi-
ple organs [21]. In skin fibrosis, there is a consistent loss of
dermal adipose tissue, obesity changes adipose homeosta-
sis and promotes tissue fibrosis in multiple organs, exces-
sive adipose tissue in the liver promotes the development
of cirrhosis, and alterations in adipose in cancers including
pancreatic and breast cancer can promote a fibrotic pheno-
type of the cancer-associated fibroblasts. Beyond these
long-recognized but poorly appreciated clinical associa-
tions, a number of recent studies have uncovered an unex-
pected role of adipocytes as an important source of fibro-
blasts and myofibroblasts. The process whereby differen-
tiated white adipocytes acquire a myofibroblast phenotype
has been described as “adipocyte mesenchymal transition”
or AMT. Cultured adipocytes under profibrotic stimuli in-
cluding TGF-ß remarkably change morphology, downreg-
ulate their adipogenic genes/protein expression (PPAR-γ,
perilipin, FABP4, etc.), and begin to express fibrotic
genes/proteins (type I collagen, α-SMA, etc.) indicating
their transition to a myofibroblast phenotype [22••]
(Fig. 1). Importantly, there is now strong evidence that
the AMT process is in fact bidirectional, and adipocyte-
derived activated myofibroblasts can be made to regain a
quiescent adipocytic phenotype [23••, 24••]. In light of the
potential reversibility of AMT, this process therefore might
represent a novel target of anti-fibrotic therapy. The rest of
this review will explore the recent recognition and charac-
terization of AMT and its implications in a variety of dis-
ease states. In addition to its emerging role in fibrosis,
AMT may also play a key role in obesity, wound healing,
and potentially in infectious processes including coronavi-
rus (SARS-CoV-2) disease.
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AMT and Relevance to Disease:What HaveWe
Learned

AMT and Skin Fibrosis

Dermal white adipose tissue (dWAT) is a topographically dis-
tinct layer of white adipose tissue associated with the skin.
While long recognized, dWAT was only recently described as
an embryologically and functionally unique depot that is distinct
from subcutaneous adipose tissue [25]. In mice, it can be clearly
identified histologically by its localization between the reticular
dermis and the striated panniculus carnosus muscle [25]. RNA-
seq experiments have also shown that dWAT is transcriptionally
distinct from other white fat depots. In particular, compared with
subcutaneous adipose tissuewhich is adjacent, dWAT expresses
significantly more pro-inflammatory and immune-related genes
[26••]. Across all adipose depots, dWAT exclusively expresses
the gene cathelicidin antimicrobial peptide (Camp) [26••]. The
important role of dWAT in skin biology has been largely ig-
nored until recently [27]. Zhang et al. showed that Camp is
produced in the skin during reactive adipogenesis in response
to S. aureus intradermal injection, revealing dWAT’s essential
immune defense function [28]. dWAT is also dynamic in re-
sponse to proadipogenic conditions including genetic adipose
gain of function, high-fat diet, and treatment with PPAR-γ ag-
onists. Another important role of dWAT is related to hair follicle
regeneration and wound healing [29, 30]. During hair growth,

hair follicles undergo cycling with temporally distinct phases:
anagen, catagen, and telogen. In mice, dWAT expands during
anagen and contracts during catagen. When adipocytes are ab-
sent or eliminated, normal hair cycling becomes dysregulated.
Therefore, dwat homeostasis may contribute to the skin as well
as hair integrity [26••]. Plikus et al. demonstrated that during
wound healing, hair follicle regeneration in the center of the
wound stimulates the reprogramming of myofibroblasts to adi-
pocytes with subsequent decrease of pathologic scarring [23••].
Similar findings revealing the potential interaction between ad-
ipocytes andmyofibroblasts have been shown ex vivo in keloids
and hypertrophic scars [31].

Systemic sclerosis (SSc) is a chronic fibroinflammatory
condition associated with fibrosis in the skin and multiple
internal organs [32]. A distinguishing hallmark of SSc is
the synchronous nature of extracutaneous multiple organ fi-
brosis. Skin fibrosis, the characteristic clinical manifestation
of SSc, has long been recognized to be accompanied by loss
of dWAT [33]. Biopsies from patients with SSc demonstrate
decreased size and number of adipocytes, local macrophage
infiltration, and replacement of dWAT with dense collagen
(Fig. 2). Intriguingly, loss of dWAT is associated with and
precedes the onset of skin fibrosis with replacement by col-
lagen in multiple murine models [33, 34]. Lineage tracing
and ex vivo differentiation experiments in mice demonstrat-
ed that intradermal adipocytes lose their specific markers
(perilipin) and gain expression of myofibroblast markers

Fig. 1 Schematic of cellular mechanism of adipocyte-mesenchymal
transition (AMT). In response to fibrotic stimuli (TGF-ß, Wnts,
Hypoxia, etc.), adipocytic cells downregulate adipogenic gene
expression including PPAR-γ. In the absence of these signals, fibrotic
pathways become predominant and lead this cell to undergo cellular
reprogramming and change morphology. These cells can either
transition to a preadipocyte/mesenchymal progenitor cell or directly to a

myofibroblast phenotype. This process is reversible in some
circumstances. Below, adipocytes (marked by perilipin staining, purple)
were treated with TGF-ß. After 24 h, these cells begin transitioning as
marked by smooth muscle actin (α-SMA staining, red) in cells also
expressing perilipin. By 72 h, these cells have completed the transition
to a myofibroblastic phenotype as marked by prominent expression of α-
SMA+-stress fibers with substantial loss of perilipin
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(α-SMA) indicating they are undergoing a transition from
adipocytes to myofibroblasts through AMT and contributing
to the fibrotic phenotype [22••] (Fig. 3). More recently,
Zhang et al. have replicated these findings using a
doxycycline-inducible system which allowed tracing of ma-
ture adipocytes starting postnatally and with bleomycin,
timed to avoid confounding by the hair cycle. Using this
system, they confirmed that AMT occurs from mature adi-
pocytes and likely represents a primary event in the patho-
genesis of bleomycin-induced skin fibrosis [26••].
Moreover, using scRNA-seq, they identified that adipocytes
first de-differentiate to PDGFRα+ preadipocytes as an inter-
mediate step during AMT. Similarly, in androgenetic alope-
cia, it has been proposed that androgens can induce AMT
leading to thickening of the follicular sheath and

perifollicular fibrosis which limit the development of hair
shafts [35].

Lung Fibrosis

In the lungs, lipofibroblasts represent a unique subpopulation
of interstitial fibroblasts which contain lipid droplets and can
secrete adipokines [36]. These unusual lung cells are located
adjacent to type 2 alveolar epithelial cells and participate in
surfactant production [37]. By using complementary lineage-
tracing strategies in a model of pulmonary fibrosis induced by
bleomycin, El Agha et al. demonstrated that lipofibroblasts
(adipose differentiation-related protein) contribute to the acti-
vated myofibroblast population (smooth-muscle actin) during
lung injury through a process similar to AMT. Remarkably,

Healthy Control Systemic sclerosisFig. 2 Loss of dermal white
adipose tissue (dWAT) and
replacement with collagen in
systemic sclerosis (SSc). Skin
biopsies from healthy control
(left) and patient with diffuse
cutaneous SSc and active disease
(right) stained for H&E. In
contrast to control in which there
are multiple areas of dense
healthy adipocytic tissue, in SSc,
there is almost complete loss of
dWAT and replacement with
fibrous matrix. Note smaller
adipocytes (solid arrow) and
remnants of adipocytes without
nuclei (dashed arrow) surrounded
by inflammatory infiltrate
forming crown-like structures
(arrowhead). Bars = 500 μm
(insets = 100 μm)
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the authors showed that during fibrosis resolution,
myofibroblasts de-differentiate back into lipofibroblasts sug-
gesting that this is a dynamic process [24••]. This process can
also be induced by metabolically active agents like metformin
which have been shown to reverse the fibrotic phenotype of
lung fibroblasts from patients with idiopathic pulmonary fi-
brosis (IPF) and bleomycin-induced lung fibrosis with the
formation of adipocyte-like cells [38]. Moreover, the analysis
of lung tissue from patients with IPF found a potential contri-
bution of lipofibroblasts to human disease [24••]. This phe-
nomenon has been proposed in the pathogenic response to
severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2). SARS-CoV-2 strongly interacts with angiotensin-
converting enzyme 2 (ACE2) for cell entry. ACE2 is normally
expressed in the lungs by type 2 alveolar epithelial cells and
also widely expressed in adipocytes. Obesity has been shown
to be a major risk factor for a worse prognosis for SARS-CoV-
2 infection. This may be explained both by adipose tissue
serving as a virus reservoir and by transdifferentiation of
lipofibroblasts into myofibroblasts contributing to pulmonary
fibrosis and the severity of lung involvement [39•].

Adipose Fibrosis

Adipose tissue fibrosis is an important phenomenon asso-
ciated with obesity which leads to dysfunctional adipose
depots, inflammation, and endocrine abnormalities [40].
In a recent study, Marcelin et al. have identified
PDGFRα+ adipocyte progenitors in adipose tissues that
can be classified on the basis of expressing CD9. CD9high

preadipocytes are uniquely able to differentiate into

myofibroblasts and thus CD9 appears to mark a precursor
cell population with profibrotic potential [41]. In order to
understand the processes associated with these changes in
obesity, Jones et al. evaluated the transcriptional response
of adipocytes to a high-fat diet. The authors showed a
profibrotic transcriptional reprogramming with upregula-
tion of TGF-ß and Wnt signaling, as well as extracellular
matrix–associated genes suggesting that adipocytes poten-
tially transdifferentiate by AMT under these conditions
[42•].

Mechanisms Underlying AMT

Multiple hypotheses regarding the cellular pathogenesis of
AMT have been proposed, but a precise understanding of this
important cellular reprogramming remains to be elucidated
and is likely to be organ and disease specific. One hypothesis
was that under cellular or systemic metabolic stress and/or
hypoxia, adipocytes lose their proadipogenic regulators (i.e.,
PPAR-γ), driving their dedifferentiation into mesenchymal
progenitor cells, which in turn under fibrotic stimuli (TGFß,
Wnt, mechanical stress, etc.) differentiate into myofibroblasts.
Alternatively, under stress/hypoxia, mature adipocytes may
undergo apoptosis which would subsequently attract macro-
phages which could promote progenitors to differentiate into
myofibroblasts. Finally, fibrotic stimuli may negatively regu-
late adipogenesis in mature adipocytes which then undergo
transcriptional change and give rise to myofibroblasts. All of
these reprogramming processes may occur with or without a
change in adipokine secretion, which would function to

Adiponectin-Cre; tdT    Adiponectin-Cre; tdT
after bleomycin (day 21)

tdT tdT / Perilipin tdT / α-SMA

Fig. 3 Mature intradermal adipocytes undergo phenotypic transition to
myofibroblast through adipocyte-mesenchymal transition (AMT).
Adiponectin-Cre transgenic mice were crossed with Ai14 (tdTomato,
tdT]) reporter mice to generate progeny expressing tdTomato
fluorescent protein restricted to mature adipocytes (left panel). To trace
the fate of intradermal adipocytes during fibrosis, mice were given

subcutaneous injections of bleomycin (middle and right panels).
Confocal imaging of tdT (red) and immunostained skin for perilipin
(white) and α-smooth muscle actin (α-SMA, green) demonstrated that
tdT+ cell change morphology from adipocyte to fibroblast, no longer co-
stain with adipocyte marker perilipin and co-localize with myofibroblast
marker α-SMA. Hoechst 33342 (blue) counterstained
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further promote differentiation of adipocytes into
myofibroblasts via endocrine mechanisms.

Lineage tracing studies in mice have shown that both
transdifferentiation of mature adipocytes and their dedif-
ferentiation to preadipocyte/progenitor cells are relevant
contributors to myofibroblasts but only recently have been
the major contributor been elucidated. Using lineage trac-
ing systems, recent work using scRNA-seq has shown that
mature intradermal adipocytes transdifferentiate into
preadipocyte-like cells which expressed both markers in-
dicating their previous state as mature adipocytes and ex-
pression of both the preadipocyte-specif ic gene
PDGFRα+ and fibrogenic genes [26, 43••].

To further investigate the potentially distinct subsets of
myofibroblasts during wound healing and fibrosis, Shook
et al. performed flow cytometry analysis of the skin from
mouse models of wound healing and fibrosis [43••].
Fibroblast-like cells were isolated on the basis of expres-
sion of PDGFRα, CD34, and SCA1 which revealed four
populations of cells CD29+CD34+, (adipocyte precursor),
CD34+, CD29High, CD29Low. In skin from wounds, fur-
ther analysis determined that only adipocyte precursor
(CD29+CD34+) and CD29High could potentially become
myofibroblasts. In fibrotic skin (induced by bleomycin),
CD29High cells were the major population indicating that
this population may play a key role in the pathogenesis of
AMT. Remarkably, macrophage ablation significantly re-
duces the number of adipocyte precursor–derived
myofibroblasts in wound healing. These macrophages
were characterized and demonstrated surface expression
of CD301b and secreted factors including platelet-
derived growth factor C and insulin-like growth factor 1
capable of stimulating proliferation of myofibroblasts.
These findings suggest that therapies targeting specific
myofibroblast and macrophage populations may represent
a method of precisely treating impaired wound healing
and fibrosis.

Some Significant Unanswered Questions
and Future Directions

Adipocytes are remarkably pleiotropic mesenchymal cells that
adopt multiple metabolic, immune, inflammatory, and ho-
meostatic roles. Increasing evidence suggests that adipose tis-
sue influences a variety of physiologic processes through
paracrine effects [44]. Obesity is the most commonly encoun-
tered disorder of adipose tissue and has been shown to lead to
a variety of deleterious outcomes including diabetes, hyper-
cholesterolemia, cardiovascular disease and the metabolic
syndrome, and adipose tissue fibrosis. Unlike healthy adipose
tissue, adipocytes from obese individuals are under significant
metabolic stress which leads them to an abnormal phenotype

with features shared with AMT [42•]. Adipose stress is recog-
nized to be present in a number of inflammatory, fibrotic, and
neoplastic processes, and likely contribute to the role of AMT
in these diseases. Adipocyte secretes adipokines as an endo-
crine organ with paracrine and anti-fibrotic effects.
Adiponectin is a major adipokine which both regulates adi-
pose tissue homeostasis and plays a role in preventing AMT.

As we discussed in this review, AMT is involved in
multiple fibrotic diseases, wound healing, and obesity-
induced adipose fibrosis. These findings should stimulate
research in other diseases associated with adipose stress.
In spondyloarthritis, fat metaplasia is associated with ra-
diographic progression, and myofibroblasts have been
shown to play a key role in syndesmophyte formation
and ankylosis [45]. In rheumatoid arthritis and psoriatic
arthritis, body habitus and adipokines contribute to dis-
ease severity and recent work has demonstrated a patho-
logical role for specific synovial fibroblasts subsets [46].
Therefore, AMT may be an important phenomenon that
should be further investigated and may represent a poten-
tial future targeted therapy. Likewise, AMT may play an
important pathogenic role and should be further explored
in a variety of diseases including non-alcoholic
steatohepatitis, arrhythmogenic right ventricular dyspla-
sia, kidney fibrosis, pancreatitis, and scarring skin dis-
eases including keloid and discoid lupus.

The recent elucidation of the cell types and signaling path-
ways that drive AMT will be crucial in the development of
therapies targeting fibrosis and wound healing. By specifically
targeting subpopulations of macrophages, adipocytes and
myofibroblasts with intrinsic profibrotic potential, therapies
can be designed to remove pathogenic cells without
compromising the otherwise important roles of these cells.
Moreover, because AMT has been shown to be a dynamic
reve r s ib l e proces s , t r ea tment s wh ich focus on
dedifferentiating myofibroblasts back towards adipocytes/
progenitors may be rational in an established disease.
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