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Significance: Wound healing is a complex process involving pain and inflam-
mation, where innervation plays a central role. Managing wound healing and
pain remains an important issue, especially in pathologies such as excessive
scarring (often leading to fibrosis) or deficient healing, leading to chronic wounds.
Recent Advances: Advances in therapies using mesenchymal stromal cells offer
new insights for treating indications that previously lacked options. Adipose-
derived mesenchymal stromal cells (AD-MSCs) are now being used to a much
greater extent in clinical trials for regenerative medicine. However, to be really
valid, these randomized trials must imperatively follow strict guidelines such as
consolidated standards of reporting trials (CONSORT) statement. Indeed, AD-
MSCs, because of their paracrine activities and multipotency, have potential to
cure degenerative and/or inflammatory diseases. Combined with their relatively
easy access (from adipose tissue) and proliferation capacity, AD-MSCs represent
an excellent candidate for allogeneic treatments.
Critical Issues: The success of AD-MSC therapy may depend on the robustness of
the biological functions of AD-MSCs, which requires controlling source hetero-
geneity and production processes, and development of biomarkers that predict
desired responses. Several studies have investigated the effect of AD-MSCs on
innervation, wound repair, or pain management separately, but systematic
evaluation of how those effects could be combined is lacking.
Future Directions: Future studies that explore how AD-MSC therapy can be used to
treat difficult-to-heal wounds, underlining the need to thoroughly characterize the
cells used, and standardization of preparation processes are needed. Finally, how
this a priori easy-to-use cell therapy treatment fits into clinical management of pain,
improvement of tissue healing, and patient quality of life, all need to be explored.
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SCOPE AND SIGNIFICANCE
Skin regeneration is a phenomenon
that is increasingly being studied in
fundamental and clinical research.
Even if increasing numbers of so-

phisticated skin substitutes are now
available, they remain difficult to use
and are generally expensive. Easily
available from adipose tissue (AT), the
heterogeneous pool of cells found in
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the matrix-free stromal vascular fraction (SVF) and
purified adipose-derived mesenchymal stromal cells
(AD-MSCs) or even exosomes isolated from these are
gaining in use as tools in regenerative medicine,
both in autologous or allogeneic methodologies.

This review aims to highlight the pros and cons
and describe the impact of these tools on ad in-
tegrum skin regeneration, including their effects
on innervation and pain management.

TRANSLATIONAL RELEVANCE

AD-MSCs are simple to amplify in vitro, but
their medicinal properties (based on plasticity and
secretion of paracrine factors) can be heteroge-
neous according to their manipulation, including
the methods of isolation and culture conditions.
This review will focus on the different ways to di-
rect AD-MSC production for the desired clinical
purpose. Moreover, the latest innovations using
AD-MSCs in regenerative medicine will be dis-
cussed, in particular, the possibility of their use
associated to biomaterials or as organoids.

Finally, due to their easy access from tissue (e.g.,
AT), the amount of manipulation is reduced and this
should facilitate clinical evaluation; however, stan-
dardization of methodologies is necessary to allow
valid comparisons, not only between laboratory
studies but also between different clinical trials.

CLINICAL RELEVANCE

Advanced therapy medicinal products (ATMPs)
show promise in the modulation of wound inflam-
mation, regulation of tissue repair, and pain man-
agement. This review will summarize the state of
play in various diseases, including burns, excessive
scarring, and ischemic diseases. The advantages
of using liposuction (or AT aspiration) or dermoli-
pectomy, which allows the separation of superficial
and deep AT, are also examined.

The full potential of these cells, in particular their
ability to treat loss of tissue and to improve scarring,
is discussed with reference to the numerous clinical
trials that have actually taken place around the
world. It is critical to verify the validity of these
clinical trials that must follow well-accepted guide-
lines (see, e.g., concerning randomized clinical tri-
als, the consolidated standards of reporting trials,
or consolidated standards of reporting trials [CON-
SORT] Statement, consort-statement.org).

BACKGROUND
The normal healing processes

Tissue repair after injury is a complex phenome-
non involving intricate and coordinated mechanisms.
Normal healing processes are classically described
as three overlapping phases (Fig. 1): hemostasis

Figure 1. Normal healing processes. Normal tissue repair includes a number of overlapping phases. After injury, there is usually an early hemostasis and
inflammatory step. Next, during the proliferation phase, as granulation tissue forms, fibroblasts invade the wound and begin to replace the provisional matrix with a
more mature wound matrix. As the granulation tissue phase proceeds, fibroblasts acquire a new phenotype with prominent microfilament bundles. These typical
myofibroblasts have been shown to develop a smooth muscle-like phenotype, and are responsible for wound contraction. Keratinocytes proliferate over the
granulation tissue leading to wound closure. Finally, during the remodeling step leading to scar formation, there is considerable loss of several cell types, including
myofibroblasts, by apoptosis, and the ECM is remodeled together with a final resolution of inflammation. ECM, extracellular matrix. Color images are available online.
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and inflammation, proliferation, and remodeling,
including final resolution of inflammation.1–5

It is important to note that inflammation is
present throughout the entire healing process.
Obviously, inflammation is important immediately
after tissue damage, but persists at a lower level
during the subsequent phases, before disappearing
completely at the end of the repair process in nor-
mal healing. Inflammation after injury is normally
modular in nature, with three distinct phases fa-
cilitating the restoration of normal tissue archi-
tecture and developing in parallel with the three
classically described tissue repair phases.

These stages include an early proinflammatory
step, in which elements of the innate immune re-
sponse initiate the repair response by mobilizing
the recruitment of key inflammatory cells. In the
second major phase, the proinflammatory response
begins to subside, with key inflammatory cells such
as macrophages switching to a reparative pheno-
type. In the final stage, tissue homeostasis is re-
stored when the inflammatory cells either exit the
site of injury or are eliminated, together with other
cells such as myofibroblasts, through apoptosis.6

Pathological (acute and chronic)
wound healing situations

Disrupting this normal wound healing processes
can lead to a number of pathologies. In humans,
problems with wound healing can manifest as ei-
ther delayed wound healing (which occurs, e.g., in
diabetes or after radiation exposure) or excessive
healing (as occurs with hypertrophic and keloid
scars). In chronic wounds, the proliferative and
remodeling stages do not readily occur.7 The
wound thus remains in the inflammatory phase,
which does not favor tissue regeneration, and
therefore, the wound cannot heal.8 Targeting and
correcting the cellular and molecular causes of
prolonged inflammation in chronic wounds may be
an effective method to return them to normal
healing states.

Excessive healing is characterized by the deposi-
tion of excessive amounts of extracellular matrix
(ECM) and by alterations in local cell proliferation
and vascularization. This excessive healing com-
monly occurs after major injuries such as burns, and
the resulting pathological healing is referred to as a
hypertrophic scar. Such excessive healing can also
appear for unknown reasons after a relatively minor
trauma, as is the case for keloid scars, which may
also have a genetic component to their development.

These two situations of excessive scarring (hy-
pertrophic scar and keloids), which lead to abnor-
mal accumulation of ECM within the skin and

which are often confused, do, however, show dis-
tinct histological characteristics.9 Hypertrophic
scars contain numerous myofibroblasts that usu-
ally provoke extensive and dramatic contracture,
while keloids, which are devoid of myofibroblasts,
do not. This aspect is underlined by the fact that
these two lesions require different therapeutic ap-
proaches.

Skin innervation and its roles during healing
and regeneration

Skin innervation. The vital barrier that the skin
represents contains a high-density network of
sensory and autonomic nerve fibers10 (Fig. 2). It
has become increasingly clear that this cutaneous
innervation influences skin repair processes.

Essentially, nociceptors involve the free endings
of poorly myelinated Ad fibers and of nonmyelin-
ated C fibers. In particular, C fibers, which are
abundant, respond to many forms of noxious
stimuli, including mechanical stimuli, heat and
cold, and chemical stimuli. Recently, in addition to
the well-known structures that are already well
described, a nociceptive glio-neural complex has
been identified in mice.11 Indeed, in the epidermis,
nociceptive fibers form an intricate, mesh-like
network with processes of nociceptive Schwann
cells, which essentially contribute physiologically
to the sensation of mechanical pain.

Interestingly, in the case of wound injury, glial
cells along the injured nerve bundles change their
phenotype to participate in the healing process. In-
deed, after undergoing a dedifferentiation and de-
veloping expansion processes, injury-reprogrammed
glial cells were showed to promote wound contraction
by transforming growth factor (TGF)-b1-mediated
activation of myofibroblast formation.12,13 In addi-
tion, it is important to underline that keratinocytes
can modulate nociception.14

Neuropeptides. Numerous neuropeptides that
play physiological roles are expressed and released
from cutaneous nerve endings, including calcitonin
gene-related peptide (CGRP), substance P (SP),
tachykinin/neurokinin A (TAC1), and vasoactive
intestinal peptide (VIP). Moreover, cutaneous cells
themselves such as keratinocytes, myofibroblasts,
endothelial cells, and immune cells are capable of
releasing neuropeptides. It is recognized that these
neuropeptides are essential in the homeostasis of
all connective tissues and therefore in their healing
processes.

These neuropeptides are involved in different
phases of wound healing.11,15,16 In addition, the
density of neuropeptide-containing (e.g., neuro-
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peptide Y, VIP, SP, and CGRP and dopamine beta-
hydroxylase) nerve fibers was found to be higher in
tissues where there was excessive scarring com-
pared to normal skin tissue samples.17,18

Skin denervation. It is already established that
peripheral neuropathies with a loss of sensitivity, as
seen in spinal cord injury (SCI) or in type 2 diabetes,
leading to pressure sores or foot perforating disor-
ders, or as seen in leprosy, can induce a drastic re-
tardation of the skin healing process. This often leads
to the need to have surgical grafting. Specifically,
damage to skin innervation leads to delayed healing
and to the development of abnormal innervation in
the scar tissue.19 Smith and Liu have shown, using
capsaicin to induce sensory denervation, that loss of
sensory innervation impairs cutaneous wound heal-
ing in developing rats, as manifested by delayed re-
epithelialization and failure of the wound area to
decrease normally over 21 days.20

In another study, the use of surgical denervation
not only halted regeneration in the super-healing
MRL/MpJ mouse strain but also had a severe
negative effect on normal ear wound repair in the
C57BL/6 mouse strain.21 In addition, inducing
sensory neuropathy using resiniferatoxin in rats
delayed remodeling of the granulation tissue after
a burn injury.22 In summary, denervation of the
skin not only leads to a lack of sensation that pro-

vides an early warning sign of injury but also re-
moves signals that, in normal conditions, positively
promote wound repair.

Pain associated with skin healing and scarring
Indeed, pain is the very first physiological phe-

nomenon after any injury. We can suggest that this
painful stimulus initiates healing. Damage to cuta-
neous nerve endings induces centripetal influx (ac-
tion potentials) leading to pain, and centrifugal influx
in nearby nerve endings leading to the release of SP,
which maintains pain, and of neuroinflammatory
mediators such as histamine, serotonin, and prosta-
glandins that initiate the inflammation process.16 Of
note, skin denervation experiments impair pain and
wound healing in several models.23 It is therefore
important to maintain this initial nociceptive stim-
ulus either related to persisting pain or not.

Thus, patients with pathologies that stop or slow
down such messages may then have their wounds
heal in a pathological way (delayed or chronic
wounds). However, pain may abnormally persist or
may even appear when the wound is healed, incon-
veniencing the patient and often leading them to
consult a physician. The aim of regenerative medi-
cine is to manage this chronic pain to improve pa-
tient quality of life and restore physiological healing.
Interestingly, after injury, inflammation is also as-
sociated with the peripheral release of endogenous

Figure 2. Skin innervation. The sensory endings, which extend throughout all layers of the skin, transfer signals from mechanoreceptors, nociceptors, and
thermoreceptors to the cell bodies located in the dorsal root ganglia. From there, stimuli, including itching, pain, and burning, are forwarded to specific areas in
the brain through the spinal cord. Cutaneous sensory fibers are classified, according to diameter and speed of conduction, as Ab, Ad, and C fibers. Ab fibers
are fast and have large diameter, whereas C fibers are slow and have small diameter. Ab and Ad are myelinated by accompanying Schwann cells. The fragile C
fibers are protected by nonmyelinating Schwann cells. Mechanical stimuli are detected by mechanoreceptors associated with sensory corpuscles (Meissner,
Pacini, Ruffini corpuscles, and Merkel discs) through Ab fibers, while pain and temperature are detected, respectively, by nociceptors and thermoreceptors
through free endings of Ad and C fibers. Filament-like protrusions associating nerve endings (C fibers) and mechanosensitive Schwann cell processes that
extend into the epidermis, form the glio-neural complex (recently described in mice), a mesh-like structure that also participates in mechanical nociception.11

Color images are available online.
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opioid peptides by immune cells that infiltrate in-
jured tissue and additionally by neural cells.

Opioid analogs, such as morphine, are fre-
quently used as exogenous drugs for systemic
postoperative pain relief, including treatment of
the wound and ongoing inflammatory symptoms.
Surprisingly, Dromard and colleagues have shown
that opioids prevent regeneration of AT, in adult
mammals, through inhibition of reactive oxygen
species production.24 Using naloxone, an opioid
antagonist, they have been able to rescue regen-
eration of the fat pad after surgical resection, sug-
gesting that regeneration could agree with the
well-known adage ‘‘no pain no gain.’’ If opioids do
alter regenerative capacities, there is an urgent
need to develop new strategies for pain manage-
ment, and mesenchymal stromal cell (MSC) ther-
apy appears to represent a promising alternative.25

Mesenchymal stromal cells
MSCs are multipotent cells that reside in tissues

and can give rise to bone, cartilage, adipocytes, or
vascular smooth muscle cells.26,27 In the 1960s and
1970s, Friedenstein, using murine bone marrow
(BM) culture, described non-hematopoietic, plastic-
adherent cells that were able to generate colony-
forming unit-fibroblasts. These MSCs have a high
proliferation potential that makes them relatively
easy to amplify ex vivo.28 Since this discovery,
MSCs have been identified in several tissues
other than the BM, including the dental pulp,29

umbilical cord,30 placenta,31 and AT.32

A panel of international experts suggested es-
tablishing criteria for characterizing MSCs: on one
hand, a phenotypic characterization using lists of
positive (CD90, CD73, and CD105), and negative
(CD45, CD34, CD31, and MHC class II molecules)
cell membrane markers; and on the other hand,
their multipotency to differentiate in vitro toward
the mesodermal lineage (osteoblast, chondrocyte,
and adipocyte lineages).33 Controversial data sug-
gest that MSCs can also differentiate into other cell
types such as endothelial cells or neurons.34

It should be noted that AD-MSCs share similar
characteristics with BM-derived MSCs (BM-
MSCs).35 However, in contrast to BM-MSCs, AD-
MSCs express the CD34 marker, which decreases
after several passages in culture.36 The accessi-
bility of AT, being minimally invasive compared
to that of BM, has led to greater clinical use of
AD-MSCs in recent years. However, BM-MSCs
remain the most widely used MSCs current-
ly.37,38 This review aims to evaluate the perti-
nence of AD-MSC therapies in regenerative
medicine and pain management.

DISCUSSION

Advancing AD-MSCs into therapeutic use rep-
resents a real challenge due to the heterogeneity
and plasticity of AD-MSCs and the varying pro-
duction processes in obtaining them.

Isolation of adipose derived mesenchymal
stromal cells

Adipose tissue
AT develops in the fetus from the 14th week of

pregnancy.39 It is a soft connective tissue, rich in
fat storage cells, which represents 20–30% of the
total mass of the adult human body. This varies
according to gender, age, lifestyle, and pathologies
that may affect some individuals. Historically, AT
has been classified into anabolic white adipose
tissue (WAT) and catabolic brown adipose tissue
(BAT). It is mainly composed of adipocytes (white
for WAT and brown for BAT) that are responsible
for the specific function of the tissue.

Other cell types contribute to other AT functions
and these are known as the nonadipocyte fraction or
SVF of the tissue. The SVF is mainly composed of
endothelial cells, hematopoietic cells (B, T, and NK
lymphocytes, macrophages, granulocytes, mast cells,
etc.), and progenitor cells usually known as AD-
MSCs,40,41 aswellasfibroblasts thatsecrete theECM,
which includes mainly collagens and elastin (Fig. 3).

Modalities of extraction

Enzymatic dissociation. In 1964, Rodbell de-
scribed a way to isolate fat cells from AT using
collagenase digestion.43 Since then, enzymatic di-
gestion followed by several centrifugation steps
has been the ‘gold standard’ method for isolation of
SVF from the AT (Fig. 4).

Mechanical dissociation. Several manual
methods of mechanical dissociation have been de-
scribed. These are listed in Table 1. All of the tech-
niques listed below used liposuction (AT aspiration)
rather than dermolipectomy to remove the AT. Un-
like liposuction, dermolipectomy tissue pieces are
surgical specimens (e.g., abdominoplasties), which
allow recovery of skin with the AT. The AT is then
separated from the skin, using scalpels or scissors, in
the laboratory. In this case, the AT would be less
affected by the random locations of liposuction.
Moreover, it is easy to choose between the two layers
of AT on these fresh pieces, compared to liposuction.

To our knowledge, only one recent study com-
pared these two types of tissue sample origin (li-
posuction or dermolipectomy) using enzymatic
digestion alone or an association of enzymatic and
mechanical digestion (mechanical distortion).52
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They demonstrated that the association of the two
types of digestion results in an increase of stem cell
yield by 5.0-fold for the excised AT. No difference
was shown with the enzymatic digestion alone.
They speculated that the addition of mechanical
digestion results in a finer tissue disruption, which
increases the AT surface area, facilitating digestive
enzyme action.

Finally, it is common to use adrenaline and lido-
caine before liposuction to decrease the risk of
bleeding, but it is known that adrenaline decreases
the postoperative effectiveness of AT reinjection, and
therefore may affect the capacities of the cells that

compose the SVF.53 Indeed, depending on the desired
results, the clinician may prefer to use liposuction or
dermolipectomy to retrieve SVF or AD-MSCs.

The majority of the studies listed in Table 1
compare various new mechanical techniques to the
enzymatic method. They all examine membrane
characteristics to varying degrees of detail, but only
the study of Condé-Green specified the results ob-
tained in terms of different subpopulations present
in the SVF.54 After enzymatic digestion, more AD-
MSCs and endothelial cells, but fewer hematopoi-
etic cells and monocytes/macrophages, are obtained.
However, it would be very interesting to study if

Figure 3. Components of adipose tissue. Adipose tissue is composed essentially of a multitude of adipocytes aggregated in lobules by the ECM (either white/
beige in white adipose tissue or brown in brown adipose tissue). Adipose tissue is a richly innerved tissue that also contains a non-adipocyte fraction, also
known as the SVF, composed mainly of *60% fibroblasts and progenitor cells (AD-MSCs), 30% hematopoietic cells, and <10% endothelial cells.42 SVF, stromal
vascular fraction; AD-MSC, adipose-derived mesenchymal stromal cell. Color images are available online.

Figure 4. Different methods to obtain AD-MSCs from adipose tissue. (1) Mechanical and/or enzymatic digestion (collagenase and/or dispase) leads to
fragmented adipose tissue. (2) Centrifugation(s) are performed to remove adipocytes and red blood cells (by lysis or Ficoll separation) leading to recovery of
the SVF. (3) Isolation of AD-MSCs from SVF is commonly performed by culturing cells into plastic flasks, allowing adherence of AD-MSCs and removal of the
nonadherent cell fraction throughout medium changes. (4) The recovery of AD-MSCs requires enzymatic detachment of cells with trypsin, a process that can
possibly lead to genetic modification of the cells. AD-MSC isolation can also be performed by cell sorting of the SVF. Color images are available online.
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there are differences in terms of subpopulations of
AD-MSCs. Indeed, some subpopulations may have
different characteristics and therefore lead to a
different clinical impact.

However, interestingly, a recent study has shown
that mechanical dissociation of tissue induces
changes in gene expression in tissue subpopula-
tions.55 Concerning AT, it would, therefore, be re-
levant to review the SVF extraction process in order
to decrease these variabilities.56 The other potential
biases found in these studies are the small size of the
patient groups studied and the lack of analysis of
phenotypic and secreted factors. Only Mashiko et al.
compared two mechanical techniques (squeezing
and emulsification), and did not report any signifi-
cant difference in the percentage of CD31, CD45,
and CD34+ cell populations.51

Finally, no published study has compared adipo-
cyte, osteoblastic, or chondrocyte differentiation, or
studied immunoregulation. This last point appears
essential, since it is partly due to their immuno-
modulatory effects that AD-MSCs play a role in skin
regeneration and pain treatment (see below).

Although not technically innovative, the first
in vitro study comparing the main mechanical
dissociation methods (vortex/centrifugation and
nanofat grafting) with enzymatic digestion was
published by Chaput et al. in 2016, demonstrating
that cells isolated by these two techniques were
AD-MSCs.57 These AD-MSCs were able to prolif-
erate, adhere to plastic, and differentiate into adi-
pocytes, chondrocytes, and osteocytes. This study
demonstrated that once cultured, AD-MSCs pre-
pared by mechanical dissociation had immuno-
modulatory capacities through their ability to
inhibit T lymphocyte proliferation, thus demon-
strating the validity of the mechanical methods.

In vivo heterogeneity of source

MSCs from different tissue sources share com-
mon markers.33 However, source heterogeneity
affects MSC potential in terms of differentiation
and proliferation. In a recent study, Brennan et al.
demonstrated that AD-MSCs display inferior os-
teogenesis and superior angiogenesis capacities
in vivo compared to BM-MSCs.58 AD-MSCs are
more likely to differentiate into adipocytes, indi-
cating the persistence of the footprint that their
tissue origin has upon MSCs. The choice of the
tissue thus is likely to be essential depending on
the desired clinical application.

The human body has various types of AT, which
exhibit functional differences based on their re-
gional distribution. Several studies have already
compared the characteristics of AD-MSCs between
different locations of the body (visceral vs. subcu-
taneous).42,59 The harvesting site is believed to
affect the yield for cell isolation along with cell
growth properties.60 Moreover, AD-MSCs, de-
pending on their origin, not only display morpho-
logical differences61 but also exhibit some metabolic
differences.59,62,63

Anatomically, it is accepted that two AT sub-
types are present: subcutaneous (deep and su-
perficial) and internal (intrathoracic, visceral, and
retroperitoneal).64 Subcutaneous AT is itself sep-
arated into two layers by superficial fascia, a very
fine ubiquitous collagenous membrane well rec-
ognized by plastic surgeons. This shows a complex
architecture, which was originally described a
long time ago. Basically, the superficial fascial
system separates the subcutaneous AT into two
layers: the areolar layer or superficial subcuta-
neous AT (sSAT) and the lamellar layer or deep
subcutaneous AT (dSAT)65–70 (Fig. 5).

Table 1. Comparison of different adipose-derived mesenchymal stromal cell isolation methods

Article Isolation Method
Cell Concentration

(Number/mL)
AD-MSCs

(% of total cells) Comments

Zuk et al.32 Enzymatic (gold standard) 4,000,000 14.3 AD-MSCs per gram of AT collagenase – dispase
Baptista et al.44 Mechanical 240,000 5 PBS washing + centrifugation at 900 g for 15 min
Baptista et al.44; Mechanical 25,000 NA Erythrocyte lysis 15 min + centrifugation at 1200 g for 10 min
Battah et al.45

Shah et al.46 Mechanical 480,000 5.2 PBS washing under agitation during 1–2 min + centrifugation at 1200 g
for 5 min

Tonnard et al.47 Mechanical (nanofat grafting) [19,000–20,000] 5.1 30 inter-syringe passages + filtration at 500 lM
Raposio et al.48 Mechanical (vortexing) 125,000 5 PBS washing + vortex 600 vibrations/min + centrifugation at 1600 rpm for

6 min
Condé-Green

et al.49
Mechanical [11,500–23,000] [6–13] High-speed centrifugation + vortex for 3 min + conventional

centrifugation
Markarian et al.50 Mechanical 15,000 NA Centrifugation at 800 g or 1280 g for 15 min

Mechanical [40,000–50,000] [1.4–12.8] Different tryspin concentration + lower centrifugation at 600 g for 10 min
Mashiko et al.51 Mechanical (micronizing) [700,000–800,000] 20 Passing throw rotating blade device centrifugation at 2300 g for 5 min

squeeze vs. emulsifaction47

AD-MSC, adipose derived-mesenchymal stromal cell; AT, adipose tissue; PBS, phosphate-buffered saline; NA, not available.
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Although transcriptomic analysis comparing
sSAT and the dSAT underlines the dSAT inflam-
matory profile in its globality,74 no study has clearly
compared the AD-MSCs isolated from these two
sources. AD-MSCs are easily extracted from the AT
and readily available, thanks to the liposuction
commonly practiced in plastic surgery. However, in
general, surgeons ignore the superficial fascia and
collect both layers. Thus, if different AD-MSC prop-
erties do exist between the sSAT and the dSAT, it
would be of interest to modify clinical practice and
aspirate only one layer, depending on the desired use.

Interestingly, Schwalie et al. have demonstrated
the heterogeneity of subcutaneous AD-MSCs in
mice using scRNAseq.77 Indeed, at least two pop-
ulations of AD-MSCs have been identified in mice,
derived from the Lin-negative population (Lin ex-
pression distinguishes mostly immune cells, while
Lin-negative cells are all the other stromal cells) of
inguinal white adipose tissue (iWAT) and epididy-
mal white adipose tissue (eWAT).78 Approximately
equivalent in number, the first AD-MSC popula-
tion could be distinguished by overexpression of
genes corresponding to ‘‘regeneration,’’ ‘‘positive
regulation of secretion by the cell,’’ and ‘‘positive
regulation by migration,’’ and the second popula-
tion by ‘‘extracellular exosomes.’’78

Recently, in human AT, it was shown that adi-
pocytes generated from different AD-MSC sub-
types displayed distinct metabolic and endocrine
profiles.59 Moreover, Liu et al. showed that cul-
tured AD-MSCs from human liposuction tissue
are composed of heterogeneous subpopulations.79

Since bariatric surgery is the main source of AT,
consideration about possible effects of body mass
index and aging on AD-MSCs is something that
should be taken into account. AD-MSCs isolated
from AT of obese patients show changes in their
transcriptomic profile that indicate a loss of
‘‘stemness’’ and an increased commitment to an
adipocyte-like phenotype.80

Other studies suggest that the tissue regenera-
tive properties of autologous AD-MSCs are also
impaired as a function of age and gender.81–83 Ex-
periments from the Gimble laboratory revealed that
SVFs from iWAT, eWAT, and BAT in younger male
mice contained more preadipocytes, hematopoietic
progenitor cell-like cells, and CD25- and FoxP3+ T
regulatory cells compared to SVFs from middle-
aged mice.83 In addition, male iWAT contained more
leukocytes and AD-MSCs than female iWAT.

These observations highlight that one of the
major issues affecting any successful cell therapy is
the heterogeneity of the biological starting mate-
rial, which needs to be decreased or at least con-
trolled for.

AD-MSC plasticity
Both the physical and chemical microenviron-

ment deeply influence cell behavior in vivo. Simi-
larly, the AD-MSC expansion culture conditions,
either in two-dimensional (2D) plastic flasks or in
three-dimensional (3D) bioreactors on biomateri-
als, will modify cell behavior and identity.

As mentioned above, MSCs differentiate into the
three classical mesodermal lineages: adipocytes,

Figure 5. Organization of adipose tissue. sSAT is located directly below the skin and is formed by small fat lobules tightly packed between fibrous septae, it
derives from the superficial fascial system, and is oriented perpendicularly to the skin. dSAT lies below the superficial fascia and consists of large fat lobules,
loosely packed within widely spaced vertical and oblique fibrous septae. The sSAT is widely distributed all over the body, whereas dSAT is more represented in
specific body areas such as abdomen and hips.71–76 dSAT, deep subcutaneous adipose tissue; sSAT, superficial subcutaneous adipose tissue. Color images
are available online.
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chondroblasts, and osteoblasts, in response to de-
fined in vitro stimuli (Fig. 6). The differentiation
can be shown morphologically (lipid droplets, sul-
fated proteoglycans, and calcium staining, respec-
tively) and by using the expression of specific
biomarkers (PPARG, SOX9, and SP7 respectively).
In terms of wound healing, enhancing the regen-
eration of adipocytes surrounded by vessels and
nerves is the goal.

Adipocyte differentiation. MSCs produce ma-
ture and functional adipocytes through a differen-
tiation process termed adipogenesis. All MSCs can
form adipocytes, but AD-MSCs are specialized in
adipogenesis.84 AD-MSCs follow a first step of
commitment into the adipocyte lineage from the
microenvironment to give rise to an adipocyte
precursor (also called a preadipocyte). This initia-
tion is mediated by the activation of peroxisome
proliferator-activated receptor-c (PPARc), a master
transcriptional factor discovered in 1994.85 Due to
alternative splicing, PPARc exists in two isoforms
that differ in the N-terminal part of the protein:
PPARc1 and PPARc2. Only PPARc2 is required
and alone is sufficient for adipocyte formation.86

Subsequently, a terminal step of maturation to
generate adipocytes can be detected by the upre-
gulation of specific genes such as CEBPB, FOSB, or
JUNB.87 In parallel, during adipogenesis, the cell
shape changes from an elongated and fibroblastic
phenotype to a circular appearance, together with
accumulation of lipid.88 These morphological
changes are regulated by the ECM through cyto-

skeleton reorganization and the regulation of sig-
naling cascades leading to adipogenesis.89 Of note,
bone morphogenetic protein (BMP) receptor-1A+
AD-MSCs showed an enhanced ability to generate
de novo fat, underlining the role of BMP pathway
in the regulation of adipogenesis.90

In summary, adipocyte differentiation capacity
of AD-MSCs is generally examined by their tran-
scriptomic profile (overexpression of the PPARG
and ADIPOQ genes, then, CEBP, FOSB, and JUNB)
and by the cytoplasmic accumulation of lipid dro-
plets highlighted by conventional Oil Red O stain-
ing. Interestingly, the differentiation of AD-MSCs
into fibroblasts has not been clearly demonstrated.
It could be due, in part, to the fact that the notion of
fibroblastic cells can refer to a lot of different cell
phenotypes and that the heterogeneity of fibroblast
phenotypes in different organs is well known.

For example, in adult human skin, Philippeos
et al. characterize at least four distinct fibroblast
populations.91 Tabib et al. identify multiple dis-
crete dermal fibroblast populations, including two
major and five minor fibroblast types, also sug-
gesting functional heterogeneity.92 Interestingly,
one of these populations expresses dipeptidyl
peptidase-4/CD26, a marker shared with mesen-
chymal cells derived from AT progenitor cells and
which are present in human AT.93 Curiously, it has
been shown that in the mouse, during wound
healing, adipocytes regenerate from myofibro-
blasts.94 However, further investigations are defi-
nitely needed to elucidate the point as to whether
AD-MSCs can acquire a fibroblast phenotype.

Figure 6. AD-MSC plasticity. AD-MSCs (brown) are able to differentiate in vitro into the three classical mesoderm lineages, chondroblasts (violet), osteo-
blasts (blue), and adipocytes (yellow). AD-MSCs can also give rise to vascular smooth muscle cells or myofibroblasts (green). More controversially, AD-MSCs
may be able, in some culture conditions, to transdifferentiate into other lineages such as endothelial cells ( pale red) or nerve (black) cells. Color images are
available online.
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Endothelial differentiation. AD-MSC involve-
ment in blood vessel formation has been shown in
the literature.95 Experiments have shown that SVF-
derived cells cultured in a basement membrane
matrix (Matrigel�)96 and in a defined medium (e.g.,
endothelial cell growth medium-2) readily form
vascular-like structures.95,97,98 AD-MSCs cultured
in 3D assist vessel stabilization by cell–cell contact,
mimicking in vitro their native perivascular locali-
zation.98 Suga et al. have shown that transplanted
AD-MSCs are preferentially retained in ischemic
AT where they exert an angiogenic effect mainly
through a paracrine mechanism.99

Indeed, there is strong evidence that infused
human MSCs have higher engraftment efficiencies
within inflammatory or injury sites.100 However,
after intravenous injection, potential MSC migra-
tion to these sites is generally impeded by cell
trapping within the lung.101 Although no studies
have thus far robustly demonstrated clear AD-
MSC transdifferentiation into endothelial cells, we
cannot entirely exclude it. AD-MSCs possess
greater proangiogenic ability than BM-MSCs,
which is why they have been tested in clinical
trials for lower limb ischemia (see below).102,103

Neural differentiation. Findings concerning the
participation of AD-MSCs in the formation of
functional neurons are also contradictory. Some
studies have confirmed their differentiation into
neuronal cells, both morphologically and func-
tionally, induced by specific culture media condi-
tions34,104 or by reprogramming mediated by SOX1
or SOX2 transcription factors.105,106 In these
studies, neural differentiation was characterized
by immunohistochemistry techniques using eno-
lase, bIII-tubulin, glial fibrillary acidic protein,
S100 protein, myelin basic protein, neuronal nuclei
protein, neurofilament medium polypeptide, and
microtubule-associated protein 2 staining.

Neural transcriptomic changes were also shown
with an increase in the following genes: neuron
markers (TUBB3, GFAP, ENO1, RBFOX3, NCAM1,
MAP2, NEFM, and GAP43), glial cell markers
(SLC1A3, FABP7, S100ß, and SEPT4), and plurip-
otent genes (NANOG, OCT4, and SOX2).107–109

Many researchers see potential for the treatment of
nerve injuries using AD-MSCs; thus, confirmation
of their participation in neuronal regeneration re-
mains an important challenge.110–112

Paracrine mode of action: trophic,
anti-inflammatory, and immunomodulatory
properties

Aside from their capacity of multipotentiality,
the paracrine properties of AD-MSCs may also be

beneficial in favoring tissue healing and regener-
ation in different organs. Delivery of these para-
crine factors from AD-MSCs to other cells could be
by a variety of pathways (Fig. 7): direct cell contact,
extracellular secretion, or mediated extracellular
vesicle (EV) secretion.

EVs are small vesicles characterized by a phos-
pholipid bilayer and they contain a large variety of
proteins, DNA, mRNA, and miRNAs. Two main
types of EVs have been described: the first being
small-size EVs called ‘‘exosomes’’ (<150 nm) and the
second being microvesicles (also called micropar-
ticles) (150–1,000 nm). Apoptotic AD-MSCs are
also able to transfer paracrine factors after effer-
ocytosis (phagocytosis of apoptotic bodies) from
macrophages in the case of a wound injury.114

Trophic factors are proteins that can promote
cell growth and viability. Vascularization is a key
point not only in the wound healing process but
also in the case of organ transplantation. One of the
major trophic functions of AD-MSCs relies on
supporting angiogenesis. Paracrine AD-MSC se-
cretion of factors such as vascular endothelial
growth factor (VEGF), hepatocyte growth factor,
and angiopoietin-1 (ANGPT1) lead to recruitment of
adjacent endothelial progenitor cells in vivo,115–118

and thereby may improve tissue reperfusion. In the
case of a wound injury, CXCL12 secretion by AD-
MSCs also promotes recruitment of other immune
cells and progenitors to the damaged site.119

Therapeutic effects of AD-MSCs in preclinical
models of neurodegenerative diseases120 have been
previously highlighted, especially in amyotrophic
lateral sclerosis (ALS), Huntington’s disease,
multiple sclerosis (MS), Parkinson’s disease, and
SCI.121 Indeed, AD-MSCs are able to secrete dif-
ferent kinds of proneurogenic cytokines to enhance
neuronal growth (Fig. 8). It has been shown that
AD-MSCs, stimulated by interferon-b, secrete
brain-derived neurotrophic factor (BDNF).122

BDNF is involved in the survival of existing
neurons and in promoting the growth and differen-
tiation of new neurons and synapses. In addition to
neurotrophic BDNF, stimulation of AD-MSCs by a
cytokine cocktail (composed of forskolin, fibroblast
growth factor [FGF]-2, platelet-derived growth
factor-AA, and neuregulin1-b1) enhanced the se-
cretion of nerve growth factor (NGF) and glial cell
line-derived neurotrophic factor (GDNF).123 These
cytokines have been shown to increase neurite out-
growth in vitro124 and nerve extension after injury
in vivo in a rat peripheral nerve injury model.116

AD-MSCs may also help to ease allodynia and
hyperalgesia experienced in dorsal root ganglia
sensory nerves as GDNF has been shown to mod-
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ulate neuropathic pain in chronic constriction
injury of the left sciatic nerve in rats.125 Further-
more, in a clinical study of 37 patients with ALS,
improvements in organs were correlated with the
paracrine actions of neurotrophic factor BDNF and
the angiogenic factor VEGF, with these factors
acting synergistically.126

AD-MSCs amplified in vitro do not express HLA-
class II molecules or costimulatory molecules.127

Thanks to this feature, cultured AD-MSCs are
considered hypoimmunogenic, raising the scope for
allogeneic uses. However, AD-MSCs have the
ability to inhibit immune cell activity (Fig. 8) by a
‘‘licensing’’ signal from an inflammatory environ-
ment.128 They have been found to suppress a broad
range of immune cells, including T, B, and natural
killer lymphoid cells, and to affect functions of
myeloid cells such as monocytes, dendritic cells,

Figure 8. Summary of major cytokines secreted by AD-MSCs. List of predominant cytokines related to the following: 1. immunomodulation: TGF-b, PGE2, IL-6/
10, and IDO; 2. vascularization: VEGF, CXCL12, FGF-2, and ANGPT1; 3. innervation: NGF, BDNF, GDNF, and IGF-1; and 4. pleiotropic: HGF, EGF, and PDGF. TGF-b,
transforming growth factor-b; PGE2, prostaglandin E2; IL, interleukin; IDO, indoleamine 2,3-dioxygenase; VEGF, vascular endothelial growth factor; CXCL12,
C–X–C motif chemokine 12; FGF-2, fibroblast growth factor-2; ANGPT1, angiopoietin-1; NGF, nerve growth factor; BDNF, brain-derived neurotrophic factor;
GDNF, glial cell line-derived neurotrophic factor; IGF-1, insulin growth factor-1; HGF, hepatocyte growth factors; EGF, epithelial growth factors; PDGF, platelet
derived growth factor. Color images are available online.

Figure 7. AD-MSC paracrine transfer mode of action. AD-MSCs are able to transfer cellular materials through direct cell contact (red), for example,
mitochondria by forming tunneling nanotubes113 or enhancing cell target signaling by ligand-receptor cell–cell contact. AD-MSCs may also transmit information
to target cells through indirect paracrine functions (orange), which may or may not be mediated by extracellular vesicles containing exosomes ( purple),
microvesicles (brown), or apoptotic bodies often subject to efferocytosis (black).114 Color images are available online.
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and macrophages.129–131 Indeed, AD-MSCs help to
orient the polarization of macrophages from a
proinflammatory M1 phenotype toward an anti-
inflammatory M2 phenotype, thereby favoring tis-
sue regeneration by resolution of inflammation
through prostaglandin E2 (PGE2) secretion.132,133

AD-MSCs, thanks to their immunomodulatory
cytokines (PGE2, interleukin [IL]-6, etc.), have
been widely used in inflammatory and autoim-
mune diseases.134 Interestingly, there appears
to be no significant difference between the release
of these factors by AD-MSCs and other types
of MSCs.135 PGE2 secreted by AD-MSCs has
been shown to mediate switching of the proin-
flammatory profile of M1-like macrophages to the
M2-like phenotype,133 supporting a specific role for
AD-MSCs in inflammation resolution. AD-MSCs
have also been reported to secrete IL-6,136 a pleio-
tropic cytokine that regulates immune responses,
acute phase reactions, and hematopoiesis, and may
play a central role in host defense mechanisms.

Use of AD-MSCs in tissue engineering
In addition to their use in autologous fat transfer

(lipofilling) or for their paracrine secretion, AD-
MSCs are increasingly used in combination with
biomaterials. As Gillies said even in his time, ‘‘re-
place like to like,’’ meaning that a tissue must be
replaced by an equivalent tissue in terms of func-
tion and structure.137 Thus, to replace a loss of
skin, it is necessary to provide histologically iden-
tical skin. At present, only autografts provide this
possibility, but these are limited by the lack of do-
nor areas and the morbidity resulting from the
intervention. Only advances in tissue engineering
may one day lead to ideal outcomes.

To overcome this limitation, cultured epidermal
autografts (CEA), consisting of keratinocytes, were
developed to provide enough autologous skin for
the patient.138 However, the routine use of CEA
was hampered by its high risk of recurrent open
wounds on the recipient site, long-term fragility,
and increased rates of scar contractures.

The concept of tissue engineering in regenera-
tive medicine integrates all of the technologies us-
ing living cells or biomaterials (synthetic or
natural), to reconstruct or regenerate human tis-
sues and organs, replace a deficient organ, or
modify the body’s genes. It is based on three in-
separable pillars: cells, biomaterials used as scaf-
folds, and proteins (e.g., growth factors).139

MSC-based therapy combined with artificial
scaffolds offers a promising strategy to promote
wound healing or complete reconstruction of full-
thickness skin. Trottier et al. have presented a

successful concept of a scaffold-free skin substi-
tute.140 Their method is based on the endogenous
production of the ECM components by stromal cells
(such as dermal fibroblasts or AD-MSCs), after
stimulation with the ascorbic acid.140,141

A similar approach was employed by Chan et al.
to develop vascularized skin substitutes.142 The
authors, however, used various biomaterials
within one skin substitute to drive the fate of the
AD-MSCs toward different lineages. The cells
seeded in a collagen type 1-based matrix turned
into fibroblast-like dermal cells, whereas the same
cells embedded into a PEGylated-fibrin-based lay-
er developed into a blood capillary network. In
addition, the AD-MSCs differentiated into adipo-
cytes in a third collagen type 1-based layer of con-
struct, forming the hypodermis.

In a study performed by Ozpur et al.,143 an
in vitro skin tissue was produced using fibrin hy-
drogel containing AD-MSCs and keratinocytes.
Results showed that this dermal substitute con-
taining AD-MSCs provided reepithelialization of
the wound, and additionally increased angiogene-
sis. Collagen deposition was also observed.143

While Chan et al.142 used modified fibrin hydro-
gels only for a part of their skin substitutes, Monfort
et al. based their three-layered skin substitutes ex-
clusively on fibrin.144 These investigators used AD-
MSCs in the hypodermal part of the substitute,
where they successfully differentiated into adipo-
cytes. The bioengineered hypodermis showed a
beneficial interaction with the upper layer of the
substitute, influencing the behavior of the epider-
mis in vitro.

The group of Kellar and colleagues developed
a novel tropoelastin-based scaffold for producing
skin substitutes.145 In this study, tropoelastin,
which is the precursor of elastin found in the skin,
was expressed in Escherichia coli producing large
quantities of the protein and allowing the devel-
opment of a skin scaffold using electrospinning
procedures. In vivo experiments using this substi-
tute showed rapid wound closure in SCID mice and
increased thickness of the epidermis compared to
biomaterials without AD-MSCs. Some investiga-
tors have also strayed further from traditional
matrix molecules and examined the feasibility of a
sodium carboxymethylcellulose (CMC) scaffold for
skin repair using AD-MSCs.146

To summarize, various biomaterials can be used
to generate ex vivo skin substitutes from ECM
proteins (collagen, elastin, etc.), to an exclu-
sively fibrin scaffold, or more promisingly with a
CMC scaffold, which closely mimics the in vivo
microenvironment.
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Current use of AD-MSCs in medicine

ATMP regulation. Currently, the majority of
MSC therapies are considered in the category
of ATMPs under international regulations. As
ATMPs are covered in the European Union by
European Regulation No 1394/2007 and Directive
2001/83/EC (on medicinal products for human
use), their market authorization is managed at the
European level. According to the guidelines ema-
nating from the European Medicines Agency (EMA),
a drug is considered an ATMP if it undergoes sub-
stantial changes and/or if its use is heterologous (its
essential function is not the same in the donor as in
the recipient).

In reality, the European medicines agency regu-
lation does not describe substantial changes; it only
lists manipulations that are not considered sub-
stantial, such as cutting, grinding, shaping, centri-
fugation, soaking in antibiotic or antimicrobial
solutions, sterilization, irradiation, separation, con-
centration or purification of cells, filtration, lyophi-
lization, freezing, cryopreservation, and vitrification.
To illustrate this, AT or nonenzymatically purified
SVF transplantation used to reconstitute dermis is
not considered an ATMP because of its homologous
use and minimal manipulation. Conversely, using
cultured AD-MSCs for the same application is con-
sidered to be an ATMP.

ATMPs must be produced in facilities with good
manufacturing practice (GMP) certification and
pharmaceutical authority, by a qualified person
with, specifically in France, the qualified person
required to be a pharmacist registered with the
college of pharmacists (the national body). Sub-
stantial efforts have been made to increase harmo-
nization across regulatory authorities worldwide for
the regulation of genes and cell therapies in regen-
erative medicine.

However, the European Union, United States of
America, and Japan present some differences con-
cerning eligibility criteria for regulatory exemption.
Apart from the minimum criteria (minimal manip-
ulation and homologous use), the Food and Drug
Administration (FDA) has additionally emphasized
that exempted products must be noncombination
products, free of systemic effects, and independent
from metabolic activity for their primary function.

Regulation of hospital exemptions by the EMA
encompasses the use of custom-made ATMPs, used
in a hospital setting for a specific patient, under the
responsibility of an individual physician within the
member state where they are manufactured and
used. No export from one country to another is
possible. However, the diversity of marketing au-

thorization procedures considering the American
FDA, Japan agency (Pharmaceuticals and Medical
Devices Agency), and EMA leads to disparity in the
accessibility of ATMPs.147 Even so, uncontrolled,
unproven stem cell therapies proliferate across
the world leading to disastrous outcomes.148–151

Greater vigilance by physicians152 and by regula-
tory agencies is needed to avoid curbing the de-
velopment of ATMPs.

State of play

AD-MSC clinical trials. AD-MSCs have been
widely used in clinical trials in several parts of the
world. Among AD-MSC-related clinical trials from
2000 to 2020, the majority have been performed in
Asia and North America (Fig. 9A). Preferentially
autologous (>80%), Phase 1 or 2 (>90%), clinical trials
are often wrongly referenced on ClinicalTrials.org as
AD-MSC therapies, where in fact 35% of the trials
are truly related to SVF, 5% to fat grafting, and 2% to
fat grafting combined with AD-MSCs (Fig. 9B, C).
AD-MSCs as treatments are mostly for indications
in orthopedics (e.g., knee osteoarthritis and rotator
cuff tear), autoimmune disorders (e.g., MS, Crohn’s
disease, and rheumatoid arthritis), and skin wound
healing (e.g., burns and scars) (Fig. 9D).

Among the 332 clinical trials concerning AD-
MSCs and reported on the website Clinical-
Trials.gov, only 130 of these are related to ran-
domized controlled trials, including 115 designed
as parallel group randomized controlled trials,
which thus seem to conform to the CONSORT
Statement. This shows that, currently, few clinical
trials are strictly conducted or at least conform to
the CONSORT Statement.

Market authorized AD-MSCs therapies. In
2020, only a few AD-MSCs therapies, classified as
ATMPs, actually hold a market authorization. On
October 8, 2009, orphan designation (EU/3/09/667)
was granted by the European Commission to Cellerix
S.A. (Spain) for Alofisel� (Darvadstrocel) to treat
Crohn’s Disease anal fistula complication. Alofisel
relates to expanded human allogeneic AD-MSCs
(NCT00475410, NCT03706456), authorized in the
European Union since March 23, 2018, to reduce the
activity of the immune system and reduce inflam-
mation, thus helping the fistula to heal.153 Alofisel
long-term efficacy was demonstrated in 51.5% of AD-
MSC-treated patients versus 35.6% of placebo-
treated patients in a trial with 212 patients.154

Cell-assisted lipotransfer versus conventional
autologous fat grafting (non-cell-assisted lipo-
transfer). Autologous fat transfer, or lipofilling, is
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Figure 9. AD-MSC-related clinical trials in 2020. (A) World—location by continent. Among the clinical trials using AD-MSCs, the majority have been carried
out in Asia (i.e., South Korea 36, China 24, Russia 10, and Taiwan 10) and North America (United States of America 98) since the early 2000s. Europe is the third
continent using AD-MSCs, among which Spain (37), Denmark (15, and France (13) are the most active. (B) Types and phases. Autologous therapies represent
81% of trials, whereas allogeneic therapies represent only 19% of AD-MSC clinical trials. Phase 1 and 2 clinical trials, using AD-MSCs as treatment, represent
more than 90% of the total number, whereas phase 3 and 4 trials represent <10%. Not applicable and unknown phase clinical trials are not shown. (C) Cell
products used from 2000 to 2020. Expanded or sorted AD-MSCs (brown) correspond to 58% of the total number, SVF (blue) related to enriched AD-MSC cellular
soup corresponds to 35%, while lipofilling or fat grafting (yellow) represents only 5%, and CAL or fat grafting – AD-MSCs (red) <2%. (D) Clinical indications. The
three major indications that AD-MSCs are used in are orthopedics (21%), autoimmune (14%), and skin wound-related (13%) diseases. Data were obtained using
a recurrent search of keywords (‘‘adipose stem cell’’ or ‘‘adipose stromal cell’’ or ‘‘adipose derived stromal cell’’) to identify AD-MSCs in clinical trials using the
website ClinicalTrials.gov, completed on January 2020. CAL, cell-assisted lipotransfer. Color images are available online.
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a common technique used for soft tissue recon-
struction. It has been used for many years, but the
technique is associated with a significant rate of
graft resorption (20–80%). To improve the fat graft
survival rate, several methods have been tested, one
of which appears to be more promising: cell-assisted
lipotransfer (CAL). In the CAL method, fat is en-
riched with AD-MSCs, contained in the SVF and
obtained directly after enzymatic digestion, or after
cell culture, to improve the rate of fat survival.

The resorption rate is explained by hypoxia
within the lipofilling, which varies from one subject
to another. Indeed, as is the case in all autograft
transplants, the clinician hopes that the transferred
tissue will be revascularized from the periphery and
the base. Obviously, the cells in the most central
part of the transplant are the most at risk of hyp-
oxia. AD-MSCs reduce the resorption rate by de-
creasing the degree of hypoxia present in the graft.

Matsumoto et al. were the first to introduce the
term CAL in 2006.155 Of 20 in vivo studies report-
ing the effects of enrichment with SVF or AD-MSCs
on rate of fat survival, 15 of the studies used im-
munodeficient animals54,155–168 and 5 used immu-
nocompetent animals.169–173 Most of these studies
showed a significant improvement in the fat sur-
vival rate with CAL. In 2008, Yoshimura et al. were
the first to clearly describe the use of the CAL
technique in humans.174 Since then, many articles
(randomized controlled trials, patient cohorts, case
series, etc.) have studied and compared the efficacy
of the CAL technique to standard lipofilling, and
have found slight variations and promising results.

However, a well-conducted review of the litera-
ture, applying rigorous methodology and including
25 studies and 696 patients, came to the conclusion
that fat graft enrichment with SVF cells actually
improved graft survival (64 vs. 44%, p > 0.0001) for
small-scale reinjected volumes <100 mL.175 There
are only two studies that compared conventional
lipofilling versus fat grafts enriched with AD-
MSCs and not SVF.176,177 These two studies
showed that CAL with AD-MSCs was superior in
terms of rate of fat survival, but only represent
relatively poor clinical evidence. In the future, we
need to perform studies comparing CAL with SVF
to CAL with AD-MSCs.

Plastic surgery indications

AD-MSC actions on burns. One of the most
common causes of chronic scarring seen in recon-
structive surgery is wound healing after burns. It is
common to see patients recovering from severe
burns with scars that remain for months, despite
having had well-performed skin grafts. AD-MSCs,

thanks to their properties, have a major role to play
in the improvement of those scars. Foubert et al.
have repeatedly shown the efficacy of local injec-
tion (direct, topical spray, or loading onto dermal
matrix) on influencing angiogenesis and epitheli-
alization in full-thickness thermal burns created
on mini-pigs.178

More recently, to better approximate the clinical
situation in humans, they have developed a porcine
model of severe burns (20%) treated with intrave-
nous injection of AD-MSCs.179 First, they showed
the safety of intravenous injection, the acceleration
of skin graft healing, and better graft elasticity
when AD-MSCs were injected. In terms of current
clinical trials, only one phase 2 clinical trial is in-
vestigating the role of allogeneic AD-MSCs in deep
burns (NCT03113747).

AD-MSC action on excessive scarring: hypertro-
phic scars and keloids. Improvements in plastic
surgery and intensive care treatment of deep burns
have led to more and more pathological scars (hy-
pertrophic and keloids) being seen in the clinic.
Improvements in color, volume, plasticity and col-
lagen architecture have been demonstrated with
the use of AT and AD-MSCs.180,181 Both therapies
also led to an increase in angiogenic markers cou-
pled with a decrease in fibrotic markers such as
TGF-b1.182–184 Rapp et al. compared these two
kinds of products in a porcine model of hypertro-
phic scar after burning. They reported very similar
results, that is, a rapid reduction of erythema and a
decrease in scar thickness.185

However, it should be noted that most studies
have not really investigated the impact of AD-MSCs
on the evolution of hypertrophic scars, but rather on
the hyperplastic phase of healing. Indeed, Deng
et al. analyzed wound tissue at 45 days after the
initial burn,184 and Rapp et al. at 10 weeks.185 This
is problematic as it is difficult to define a hypertro-
phic scar before 9–12 months of scar evolution.

Finally, for keloid scars, which mainly differ from
hypertrophic scars in their evolution over time, only
two in vitro studies have, to our knowledge, reported
a benefit of AD-MSCs. Spiekman et al. showed that
AD-MSCs decreased myofibroblast differentiation
and contraction of keloid scar-derived human fi-
broblasts conditioned with TGF-b1.186 Similarly,
Liu et al. showed that AD-MSCs were associated
with a decrease in synthesis and deposition of col-
lagen, and therefore reduced fibrosis through the
action of paracrine factors.187

In conclusion, only one clinical trial (NCT0
3887208) is currently studying the effect of AD-
MSCs on pathological scars (without defining its
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hypertrophic or keloid origin). Interestingly, as
shown by Rapp et al.,185 who compared SVF and
AD-MSCs in an animal model, the clinical trial
from the Medical University of Warsaw predicted
that AD-MSCs would be the most effective treat-
ment. Indeed, several clinical trials, such as the
one conducted by the Medical University of War-
saw (NCT03887208), aim to define the most sui-
table treatment in wound care. However, from
another point of view, SVF injection without a
prior culture step would be more appropriate to
enhance the speed of care.

AD-MSC action on ischemic diseases. Chronic
skin wounds, of either vascular or autoimmune ori-
gin, represent a great clinical challenge to overcome
where AD-MSCs provide a possible solution. The
main indications arising from skin wounds are ul-
cers from critical limb ischemia, necrotic angio-
dermatitis, pressure ulcers, plantar perforating
disorders of diabetic foot, and systemic scleroderma.

AD-MSCs are well known for their use in is-
chemic diseases, including myocardial or cerebral
ischemia-reperfusion injury, and lower limb and
critical ischemia, both in animals and humans.188

Several clinical studies have reported results
on the use of AD-MSCs in these pathologies.189,190

For example, Bura et al., in a phase 2 study—
ACellDREAM II (NCT03968198)—evaluated the ef-
ficacy of intramuscular injections of autologous AD-
MSCs in non-revascularizable critical limb ischemia
patients.103 This was carried out after demonstrat-
ing that AD-MSCs could improve ulcer progression,
reduce pain scores, and improve walking distance
without reported complications in a phase 1 study.

Concerning the treatment of limited or systemic
scleroderma, several studies highlight the superi-
ority of AD-MSCs compared to BM-MSCs,191 par-
ticularly in the reduction of cutaneous fibrosis.192,193

Similarly, in a study on diabetic ulcers, treatment
with AD-MSCs could be considered since Li et al.
recently showed in vitro that exosomes secreted by
AD-MSCs induced the proliferation of endothelial
progenitor cells and the overexpression of Nrf2,
showing protective effects.194 In 2020, in terms of
treatments aimed at healing diabetic foot ischemia,
only one allogenic AD-MSC clinical trial is in prog-
ress as a phase 3 trial under the name ‘‘ALLO-ASC-
SHEET’’ (NCT03754465, NCT03370874). It should
be noted that this clinical trial used a biomaterial
consisting of hydrogel in association with AD-MSCs,
thus facilitating its use in the operating theater. da
Silva et al. have already reported on the value of
using AD-MSCs in combination with a biomaterial to
treat substance loss in the diabetic foot.195,196

The literature shows that usually, for the above
indications, AD-MSCs alone were administered
through one of four procedures: intradermal, in-
travenous, or subcutaneous injection, or applied
topically.197 However, cells could also be applied
within a scaffold to improve post-transfusion sur-
vival such as in decellularized silk fibroin,198

poly(lactide-co-glycolide),199 or atelocollagen ma-
trix silicon membrane.200 Finally, more random-
ized studies are required before they can be
marketed for use in these indications.

New clinical perspectives for AD-MSCs
Apart from their current recognized uses in

various pathologies, there are new avenues of re-
search on applications for these cells.

Pain treatment. Chronic pain is a major public
health problem that deeply affects patient’s quality
of life.201 There is an increasing popularity of the use
of AT grafting (lipofilling) for the management of
painful scars, and there is now an abundance of
evidence in the literature that supports this appli-
cation. Recently, To et al. conducted a systematic
review on this topic.202 They included 18 studies
published between 1990 and 2019. An improvement
in analgesia was recorded in 12 of the 18 studies.

However, these were essentially low level of ev-
idence studies, and future long-term randomized
controlled trials with analgesic scores are required.
These results underlined the important role of the
AT in pain management, but only a few of the
studies took a closer look at the effectiveness of AD-
MSC therapy on scar pain. Moreover, in fact only
one study set out to evaluate the role of AD-MSCs
on chronic back pain due to intervertebral disc
degeneration (NTC02338271).

As already mentioned above, the therapeutic
efficiency of cell-based therapy with MSCs has
been investigated in a number of disease models203

and reported findings that represent a promising
alternative therapeutic choice for the management
of several diseases. In particular, MSCs have re-
ceived growing interest as a therapeutic option for
several neuronal diseases.204,205 MSC-based thera-
pies provide new strategies for curing life-threatening
neuronal diseases due to their immunomodulatory
function.206 In this sense, cell-based therapy can
also be a feasible approach for treating chronic
neuropathic pain.

In 2017, Brini et al. showed, in neuropathic di-
abetic pain, that AD-MSCs and their secretomes
reversed thermal and mechanical allodynia and
thermal hyperalgesia with a residual effect lasting
12 weeks.207 Both methods also prevented a loss of
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skin innervation. In addition, in this indication,
Oses et al. showed that deferoxamine (an iron
chelator)-treated AD-MSCs showed higher mRNA
levels for VEGF and ANGPT1, as well as for NGF,
GDNF, and neurotrophin 3,208 coupled with in-
creased neuroprotective potential. Unfortunately,
well-conducted clinical trials studying the effect of
AD-MSCs on this topic are lacking. The only re-
ported trial on neuropathic pain did not concern
diabetic patients, but rather traumatic neuropa-
thies due to nerve damage (NCT02853942).

Interestingly, Mert et al. showed that AD-MSC
(systemically or locally injected AD-MSCs)- or
magnetic-based therapies can effectively attenuate
signs of chronic neuropathic pain by modulating
cytokine levels of injured nerves.209 Furthermore,
findings in this article demonstrated that magnetic
cell therapy may reverse signs such as allodynia
and hyperalgesia in chronic constriction injury in
neuropathic rats, thus suggesting that combina-
tion therapy with AD-MSCs/pulsed magnetic field
may be a good approach for the management of
chronic neuropathic pain.

Fodor and Paulseth, in 2016, demonstrated that
intra-articular injection of AD-MSCs represents a
potential new therapy for reduction of pain in os-
teoarthritis of the knee. Indeed, they reported both
the safety of the injection and significant im-
provement in pain management in this indica-
tion.210 Forouzanfar et al. in 2018 demonstrated, in
a chronic constriction injury model in sciatic nerves
in rats, that AD-MSCs transfected with FGF-1
gene can drastically reduce mechanical and ther-
mal hypersensitivity; spinal structural alterations
and apoptosis were also significantly decreased.211

AD-MSC rejuvenation and inducible pluripotent
stem cells. Despite their high proliferation rate,
cultured AD-MSCs undergo replicative senescence in
the course of the expansion process.212,213 This repli-
cative senescence impairs their differentiation po-
tential and requires a reliable standardization of cell
therapy practices.214 Rejuvenating senescent AD-
MSCs through reprogramming may restore their
plasticity and therefore improve their clinical efficacy,
as has been demonstrated with inducible pluripotent
stem cells (iPSCs).215 However, no studies have suc-
ceeded in rejuvenating senescent AD-MSCs to date.

Currently, human AD-MSCs can be repro-
grammed into iPSCs,216,217 with efficiencies higher
than for other cell types,218 after transduction with
three human transcription factors that are classi-
cally used: OCT3/4, SOX2, and KLF4.219 Con-
versely, iPSCs could also be used to generate
AD-MSC-like cells by mesoderm and neuroepithe-

lium220 and additionally, fully differentiated white
or brown adipocytes.221 iPSCs can be used as a
source of AD-MSCs, providing valuable insights
for future regenerative medicine applications.

AD-MSC organoids. Over the last few decades,
studies have tried to mimic tissue development
using stem cells. Either pluripotent stem cells
(embryonic stem cells or iPSCs) or adult stem cells
introduced into 3D biomaterials, such as hydrogels,
spontaneously self-organize to generate ‘‘mini-
organs’’ termed organoids.222 In addition to their
scientific goals of understanding integrative mi-
croenvironment cellular behaviors, this recent
concept may also have different applications. Or-
ganoids could be used as preclinical models to test
pharmaceutical drug efficacy and toxicity.

Such advances could lead to an increase in
in vitro studies, thus reducing the reliance on
in vivo experiments according to the 3Rs rule (re-
duce, reuse, and recycle). Over the coming decades,
it is hoped that organoids might be used as future
generation organ replacement therapy. Never-
theless, a lot of work is still needed and several
problems remain to be investigated and solved,
including reproducibility, 3D characterization, and
in vivo tracking.

Human AD-MSCs have been recently described
as being capable of self-organizing into a vascular-
ized 3D AT-like organoid.98,223 This WAT organoid
could then be differentiated into a BAT organoid
and used, after in vivo transplantation, as a factory
for metabolic rebalance to cure several metabolic
diseases as metabolic regulation quickly evolved.

Ease of use—directly from the operating the-
ater. As mentioned above, the gold standard
method for preparation remains enzymatic digestion;
thus, there are commercial devices now available to
carry out enzymatic digestion directly in the operat-
ing theater using clinical grade proteolytic enzymes,
that is, enzymes that have been uses in the clinic
without adverse effects and have received EMA or
FDA approval. These devices have demonstrated
their efficiency in producing AD-MSCs.50,224 Lim-
itations associated with their use relate to residual
collagenase levels, the long handling time of tissue,
and their high cost (both of the device and reagents).

As mentioned by Aronowitz and Hakakian,225 in
the aim of improving the extraction efficiency of
SVF, many companies have developed devices ca-
pable of producing SVF directly in the operating
theater with as little human intervention as pos-
sible, to maintain the sterility of the sample, while
also maintaining high rates of cell yield and via-
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bility, while respecting GMP recommendations is-
sued by the FDA in force in the United States.
However, the results obtained are mixed. The
various existing devices include the Cytori celution
system� (Cytori Therapeutics, Inc., San Diego,
CA), Tissue Genesis Icellator Cell Isolation sys-
tem� (Tissue Genesis, Honolulu, HI), and Lipokit�

(Medi-Kan Int., West Hollywood, CA). Some have
been authorized for inclusion in trials, with pa-
tients, to demonstrate their efficacy (e.g., Cytori
Therapeutics, Inc. for scleroderma).226

However, the main drawback of using these de-
vices is the cost; in fact, the price for a procedure, in
terms of operating time and consumables used, is
£2,400 in the case of Celution�. In addition, the
average cost for these devices is $50,000.224 Celu-
tion, because of its lowest residual collagenase level
and its cellular performance and the multiplicity of
ongoing clinical projects, seems to be more ‘‘robust’’
than these competitors.224

Unlike these expensive autologous therapies, al-
logeneic products can originate from a single dona-
tion or from a pool of a small number of donations
that make up the master cell bank. This master cell
bank can be divided into several working cell banks,
which will then lead to the production of different
batches of clinical ATMPs. Since these libraries are
limited in quantity, one of the major challenges of
allogeneic therapies is the reproducibility of batches
of ATMPs and the relatively variable clinical results
obtained according to the batches of raw material.
Special attention should therefore be paid to devel-
oping these ATMPs very early to select the ‘‘best’’
donors for the desired clinical application.

In the case of AD-MSCs for wound healing appli-
cations, it may be relevant to select donors according
to different criteria, namely the number of colony-
forming unit-fibroblasts reflecting the number of
progenitors, the rate of proliferation, or their ability
to modulate inflammation, measured through anti-
inflammatory cytokine measurements. However, it
will be crucial to study the reproducibility of several
master cell banks to deal with events such as a stock-
out due to high demand, or of a storage incident (e.g.,
distribution of liquid nitrogen or nitrogen tanks).

CONCLUSION AND PERSPECTIVES

This review highlights the major fundamental
and clinical research on the use of AD-MSCs in
regenerative medicine, with a focus on wound
healing and pain treatment. Despite a wide range
of AD-MSC uses and depending on their multiple
intended modes of action, the clinician will hope-
fully find here the method that best matches their
desired clinical application.

First, the heterogeneity of cells has been un-
derlined, especially regarding the use of AT or SVF,
which contain not only AD-MSCs but also endo-
thelial cells, fibroblasts, and immune cells. Aside
from intrinsic factors such as age and/or body mass
index of the donor, this cell heterogeneity is ac-
centuated by the body region and the layers within
the AT from which the AD-MSCs are harvested. A
second crucial point to take into account is the
isolation method used. Indeed, variations in the
effects of AD-MSCs may depend on the diges-
tion method used (either enzymatic or mechani-
cal), or even more so on the culture conditions
employed (2D or 3D). Finally, for the isolation
and amplification of AD-MSCs, special attention
should be paid to the composition of culture me-
dia, which may drive in vitro commitment and
enhance immunosuppressive properties, among
other effects.

In wound healing, after a substantial loss of tis-
sue, AT as lipofilling would seem to be the easiest
product to inject within a short time period. How-
ever, to obtain the best tissue-specific and long-term
results, autologous AD-MSCs would seem the most
appropriate product due to their biocompatibility,
well-controlled purity, directed plasticity, and re-
generative paracrine properties. Another problem
results from the time required to extract and expand
AD-MSCs in a GMP facility (2–3 weeks), since many
pathologies require immediate treatment.

To overcome this problem, the clinician can work
with SVF or allogeneic AD-MSC therapy, where
cells are cryopreserved in cell banks. Allogeneic
AD-MSCs are employed more and more frequently
as a treatment strategy in 2020. This is due both to
the possibility of obtaining reproducible results
between patients (because AD-MSCs are produced
under GMP, then termed ATMP) and the conse-
quent gain in quality, and also being able to re-
spond as soon as possible to the most urgent clinical
situations with a reduced production cost.

It should be noted, however, that the lifetime of
AD-MSCs may be very short, especially in the case
of systemic injection. AD-MSCs are indeed quickly
eliminated in the wound bed or they may migrate
to filtration organs (such as lung, kidney, and liv-
er). Their effectiveness therefore lies essentially in
their paracrine mode of action through the release
of soluble factors and EVs. It is therefore highly
recommended that clinical trials should focus on
allogeneic mass production or on the use of alter-
native cell-free therapies.

Another aspect to be addressed is the regenera-
tion of a loss of tissue volume using AD-MSCs.
Currently, injections of soluble factors or single
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cells are not sufficient, whereas a bolder
approach consisting of enrichment of au-
tologous fat with AD-MSCs, called CAL,
shows promising results.227 The use of
a suitable scaffold able to be cell compatible
and that could also direct regeneration
remains challenging, depending on the ar-
chitecture and nature of the injured tissue.
Current prospects include integration of
organoids or 3D bioprinting of stem/stromal
cells into tissue engineering to generate
prebuilt replacement organs.228,229

Besides reducing inflammation and
enhancing repair, AD-MSCs could also
reduce pain sensation in acute or even
chronic injuries such as neuropathic pain.
Relieving pain is an underestimated prop-
erty of AD-MSCs that could give rise to an
alternative to opioid use, keeping in mind
that, counterintuitively, opioids delay fat
regeneration.24

The review of current clinical trials
shows the scientific community’s enthusi-
asm for the use of these cells over the last
decade. AD-MSC proof of concept in sev-
eral indications in plastic surgery (such as burns,
hypertrophic or keloids scars, and ischemic diseases)
has been highlighted, and early phase clinical tri-
als are now in progress. However, reviewing the
clinical trials in progress in 2020 underlines the
importance of clearly specifying the isolation and
culture methods that are applied, and avoiding
the misuse of terminology (e.g., AD-MSCs instead
of SVF) on Clinicaltrials.gov. The use of Interna-
tional Society for Cellular Therapy recommenda-
tions should bring a new perspective to help us to
understand failed clinical trials and aid in inter-
pretation of the results.

In conclusion, we hope that this review will as-
sist clinicians to choose and administer the most
suitable therapeutic product for a specific applica-
tion. AD-MSCs remain a particularly unexplored
source in regenerative medicine. The diversity of
products derived from AD-MSCs should not rep-
resent a hindrance to development in the stem cell
field, but rather represent major potential for ver-
satile therapies in the near future.

SUMMARY

AD-MSCs represent a valuable source of MSCs
for use in regenerative medicine. First, these cells
can easily be prepared from the AT of a patient.
Second, these cells can acquire, in addition to the
classical mesodermal lineages (adipocytes, chon-

droblasts, and osteoblasts), endothelial or neuronal
differentiation. Of major importance, they clearly
demonstrate paracrine effects, particularly tro-
phic, anti-inflammatory, and immunomodulatory
properties. Treatments have thus far shown bene-
ficial effects in various diseases, including postburn
injury, excessive scarring, and ischemic conditions.
However, in many cases, SVF, which is prepared
from AT and contains not only AD-MSCs but also
endothelial cells, hematopoietic cells, as well as
fibroblasts, has been used. The specific properties
of purified AD-MSCs remain to be defined. Nu-
merous clinical trials using products prepared
from patient AT have actually been completed,
but very often, the precise product used and the
method of preparation have not been clearly indi-
cated. Tissue engineering using organoids or 3D bio-
printing of purified and well-characterized AD-MSCs
represents a new therapeutic option in regenera-
tive medicine.
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TAKE-HOME MESSAGES

� MSCs, widely present in the body and capable of differentiating into the
three classical mesodermal lineages (adipocytes, chondroblasts, and
osteoblasts), represent an invaluable source of cells available for use in
cell therapy.

� Adipose-derived MSCs are present in the AT, which can be easily ob-
tained from liposuction (AT aspiration) or by dermolipectomy.

� The SVF, which contains the adipose-derived MSCs and other cells such
as endothelial cells, hematopoietic cells, and fibroblasts, or purified
adipose-derived MSCs, can be used for treating wounds.

� The main mode of action of these cells is through paracrine mechanisms,
thanks to the numerous molecules that these cells can release.

� Many clinical trials are now underway, underlining the interest in using
these preparations derived from AT. However, the protocols employed
need to be better defined, particularly regarding the type of product that
is being used (SVF or purified adipose-derived MSCs).

� Available off-the-shelf ATMPs could provide a safe alternative to au-
tologous AT, SVF, or adipose-derived MSC grafting for the immediate
treatment of emergency clinical implications (such as burns and trauma).

� New technological advances in tissue engineering such as 3D organoids
and bioprinting draw particular attention to generate prebuilt replace-
ment organs and replace large wound defect.
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Abbreviations and Acronyms

2D ¼ two dimensional
3D ¼ three dimensional

AD-MSC ¼ adipose-derived mesenchymal
stromal cell

ALS ¼ amyotrophic lateral sclerosis
ANGPT1 ¼ angiopoietin-1

AT ¼ adipose tissue
ATMP ¼ advance therapy medicinal product

BAT ¼ brown adipose tissue
BDNF ¼ brain-derived neurotrophic factor

BM ¼ bone marrow
BM-MSC ¼ BM-derived MSC

BMP ¼ bone morphogenetic protein
CAL ¼ cell-assisted lipotransfer
CEA ¼ cultured epidermal autografts

CGRP ¼ calcitonin gene-related peptide
CMC ¼ carboxymethylcellulose

CONSORT ¼ consolidated standards of reporting
trials

CXCL12 ¼ C–X–C motif chemokine 12
dSAT ¼ deep subcutaneous adipose tissue
ECM ¼ extracellular matrix
EGF ¼ epidermal growth factors

EMA ¼ European Medicines Agency
EV ¼ extracellular vesicle

eWAT ¼ epididymal white adipose tissue
FDA ¼ Food and Drug Administration
FGF ¼ fibroblast growth factor

GDNF ¼ glial cell line-derived neurotrophic
factor

GMP ¼ good manufacturing practice
HGF ¼ hepatocyte growth factors
IDO ¼ indoleamine 2,3-dioxygenase

IGF-1 ¼ insulin growth factor-1
IL ¼ interleukin

iPSC ¼ inducible pluripotent stem cell
iWAT ¼ inguinal white adipose tissue

MS ¼ multiple sclerosis
MSC ¼ mesenchymal stromal cell
NGF ¼ nerve growth factor
PBS ¼ phosphate-buffered saline

PDGF ¼ platelet-derived growth factor
PGE2 ¼ prostaglandin E2

PPARc ¼ peroxisome proliferator-activated
receptor-c

SCI ¼ spinal cord injury
SP ¼ substance P

sSAT ¼ superficial subcutaneous adipose
tissue

SVF ¼ stromal vascular fraction
TAC1 ¼ tachykinin/neurokinin A

TGF ¼ transforming growth factor
VEGF ¼ vascular endothelial growth factor

VIP ¼ vasoactive intestinal peptide
WAT ¼ white adipose tissue
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