Review Article

Adipose-derived mesenchymal stem cells and wound

healing

Potential clinical applications in wound repair
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Delayed and chronic wounds result from the
dysregulation of molecular and cellular events
associated with wound healing, including migration,
inflammation, angiogenesis, extracellular matrix
(ECM) remodeling, and re-epithelialization. Adipose
tissue is an abundant, easily accessible, and rich
source of mesenchymal stem cells (MSCs) with high
therapeutic potential. In addition to their capability
to differentiate into various lineages with specialized
functions, adipose-derived MSCs (AMSCs) can
mediate to the wound repair process through the
secretion of different growth factors and mediators
rather than making structural contribution alone.
Adipose-derived MSCs mediate the formation of
blood vessels, recruit progenitor cells, stimulate cell
differentiation and ECM formation, and promote
wound healing by releasing immune mediators
and exosomes. Herein, we discuss and review the
therapeutic potential of AMSCs for wound repair via
acceleration of wound closure, re-epithelialization,
enhancement of angiogenesis and immunomodulation
of prolonged inflammatory responses, as well as the
current challenges in clinical implementation.

NC
OPEN ACCESS

Keywords: cutaneous wound healing, adipose-derived
mesenchymal stem cells, epithelial cell differentiation,
angiogenesis, immunomodulation, inflammation,
proliferation, maturation and remodeling

Saudi Med ] 2022; Vol. 43 (10): 1075-1086
doi: 10.15537/smj.2022.43.10.20220522

From the Department of Medical Laboratory Sciences, College of
Applied Medical Sciences, Majmaah University, Majmaabh, Kingdom
of Saudi Arabia.

Received 21st July 2022. Accepted 6th September 2022.

Address correspondence and reprint request to: Dr. Sami G. Almalki,
Department of Medical Laboratory Sciences, College of Applied
Medical Sciences, Majmaah University, Majmaah, Kingdom of Saudi
Arabia. E-mail: sg.almalki @mu.edu.sa

ORCID ID: https:/lorcid.org/0000-0002-1408-4909

hronic cutaneous wounds are injuries that can

extend to the subcutaneous level, but do not affect
bones. In the United States of America, approximately 6
million Americans experience chronic wounds.! Chronic
cutaneous wounds that result from burns, traumatic
injuries, and diabetes, are serious healthcare burden
worldwide and a major cause of morbidity.? Healthcare
treatment and hospitalization costs approximately 25
billion each year in the United States.? At the molecular
level, wound healing eventuates in 3 distinct steps,
the inflammatory, proliferative, and maturational
(remodeling) phases.* These phases are influenced
by different host factors, external factors and wound
characteristics, and prolonged wound healing is more
likely to develop into scars.” Although there has been
a considerable progress in chronic wound treatment,
including the application of bioengineered skin
equivalents and growth factors, the current treatment
strategies are limited and only partially effective for
non-healing and chronic wounds.*® Therefore, A
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curative strategy for the treatment of chronic cutaneous
wounds is needed to improve patient outcomes.

Recently, mesenchymal stem cells (MSCs) have
been reported as a tool for promising cell-based
therapy and shown to play key roles in tissue repair and
regeneration.! Mesenchymal stem cells are attractive
candidates in regenerative medicine because of their
migratory ability, high proliferative rate, ease of access,
and immunomodulatory effects.” They have the
capability to differentiate into several lineages.® They
are characterized by a fibroblast-like morphology (the
ability to self-renew; the expression of CD markers such
as CD29, CD44, CD73, CD90, and CD105; and a
lack of hematopoietic and macrophage markers such
as CD11, CD14, CD34, and CD45).”"" Adult MSCs
can be extracted from various sources, including the
umbilical cord blood, placental tissue, adipose tissue,
peripheral blood, lung, liver, heart, bone marrow (BM),
testes, pancreas, spleen, and dental pulp.’*'* Among the
different types of MSCs, bone marrow-derived MSCs
(BM-MSCs) and adipose-derived MSCs (AMSCs) are
the most frequently used cells for tissue repair and skin
regeneration in the treatment of non-healing wounds.
Even though some clinical studies of BM-MSCs have
reported issues its use as an MSC source, including
the extremely low density of MSCs, morbidity, and
invasive isolation procedures, the BM is the first and
most commonly used source of MSCs in research.”!*!
Adipose tissue is an easily accessible, abundant, and rich
source of MSCs with a great therapeutic potential.'®
The high MSC yield from adipose tissue (0.01% with
95% purity) compared with that from BM makes
AMSCs an appealing cell source for the repair of
cutaneous wounds and skin regeneration.'®” Adult
AMSC:s have been studied as an attractive alternative
to BM-MSCs.

Multiple new strategies for the treatment of chronic
cutaneous wounds are being investigated in clinical
trials. The use of MSC-based regenerative therapy for the
treatment of chronic cutaneous wounds has been rising
over the last 2 decades. Bone marrow-derived MSCs and
ASMC:s represent the most recent advancements in the
treatment of chronic wounds.'® Patients with chronic
wounds are MSC-deficient, and the patient-derived
MSCs may provide potential therapeutic strategies
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to overcome this deficiency.” Delayed and chronic
wounds result from the dysregulation of molecular and
cellular events associated with wound healing, including
migration, inflammation, angiogenesis, extracellular
matrix (ECM) remodeling, and re-epithelialization.”
Mesenchymal stem cells play a crucial role in these
events. Various studies have demonstrated that the
administration of MSCs, not only mediates cutaneous
wound repair, but also augment the healing of acute
and chronic wounds.?"* This study aimed to review
and discuss the potential therapeutic contributions of
AMSCs in cutaneous wound healing and the current
challenges in their clinical implementation.

Physiology of cutaneous wound healing. The wound
healing process initiates several molecular and cellular
events that involve different cellular compartments
of the skin and ECM. The skin consists of 2 layers:
the epidermis, which is the superficial layer, and the
dermis, which is the second layer in the skin.”® The
epidermis consists of epithelial cells, and functions
as a biochemical and physical barrier to protect the
underlying layer from infections and dehydration.?* The
dermis, which is composed of fat and connective tissue,
maintains body temperature, supplies nutrients to the
epidermis via blood, and gives the skin its elasticity and
thickness.?* During cutaneous wound healing, different
cell types are involved in restoration of the barrier
functions of skin and regeneration of the damaged
skin. These cells undergo several biological events,
including proliferation, migration, and differentiation,
to regenerate new skin (Figure 1).” Under normal
physiological conditions, the acute cutaneous wound
healing process is characterized by 3 distinct stages
of repair: inflammation, proliferation, and tissue
remodeling.”® Failure to proceed through an orderly
process or dysregulation of one of these phases results in
chronic (non-healing) wounds or scars.*

Inflammation. Skin injury immediately results in
hemostasis, which involves vascular constriction and
blood clotting cascade to prevent blood loss.’ The
fibrin clot and injured tissue release growth factors and
pro-inflammatory cytokines into the local wound site
to recruit inflammatory cells.” The release of cytokines
promotes the migration of inflammatory cells, such
as neutrophils and monocytes, into the injured tissue
and initiates the inflammatory phase.”? Inflammation
begins upon injury and lasts for 4-6 days.” The
recruited neutrophils and macrophages prevent bacterial
infection and remove cellular debris at the wound site
via phagocytosis. It has been reported that elevated
infiltration of neutrophils and macrophages leads to
delayed healing and the deregulation of interleukin-
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1B (IL-1B) and tumor necrosis factor-o. (TNF-at).?8%
Chronic wounds are prolonged inflammation that fails
to proceed, and involves high expression of IL-1f3 and
TNF-a.% In addition to phagocytosis, macrophages
initiate the transition to the proliferative phase through
the release of transforming growth factor-f (TGF-f),
ILs, and TNF-a, which promote the migration of
fibroblasts, endothelial cells, and keratinocytes to the
wound site.?

Proliferation. This phase comprises several biological
processes, including granulation, angiogenesis, collagen
deposition, and epithelialization."®* The proliferative
phase begins immediately after the inflammatory
phase and lasts for up to 10 days.”” During this phase,
keratinocytes proliferate and migrate to the wound site
for re-epithelialization. Keratinocytes also synthesize
proteins to restore the basement membrane.’' Several
growth factors, cytokines, and nitric oxide, which are
released by macrophages, induce the re-epithelialization
process.” Angiogenesis, which is characterized by
the formation of new blood vessels, is promoted by
various growth factors including vascular endothelial
growth factor (VEGF), platelet-derived growth
factor (PDGF), and fibroblast growth factor (FGF).”

These growth factors stimulate the proliferation and
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migration of endothelial cells into angiogenic signaling
site. The formation of new blood vessels is an early
process during the proliferative phase, which provides
nutrients and growth factors for granulation and tissue
deposition.”** During the granulation process, the
migrated fibroblasts proliferate and synthesize collagen
type III, glycosaminoglycans, and fibronectin (ECM
components) to restore the dermis, in response to
PDGEF, TGEF-f, and FGF expression.>” The migration
of fibroblasts from surrounding tissues into the
wound site is facilitated by the production of matrix
metalloproteinases (MMDPs).” Fibroblasts can also be
generated from differentiated BM-MSCs during the
long-wound healing process.” The migrated fibroblasts
can transform into myofibroblasts that contract to close
the wound gap.?***

Maturation and remodeling. Following the buildup
of ECM and gap closure at the wound site, the
remodeling phase begins which may last for weeks or
years. The major role of this phase is to reorganize the
deposition of collagen into a well-arranged network.”
The reorganization process involves substitution of
collagen I1I with collagen I fibers.*® During this process,
MMDPs play key roles in ECM remodeling through their
degradative function. Myofibroblasts and fibroblasts

Macrophage @ Fibrin —
Collagen ~—

MscC ﬁ Fibroblast <=~

PMN Dendritic cell (3.!

-a’

/ ’ : g

@%@@
@ @@@@@

E é@eﬁ@%‘%.(mﬂﬂ U,F,mf,,. %rf‘ == @4@@
§o a0 o O 0000an5 0000
& %% 00000009290 "'" = @ <= _{® —

=~ s

0o 2/ |
m {  Extrovasation m roliferation
£ of plasma “ -
: . Yard

oe®e e -_ .
:é’y
yW

Subcutaneous

adipose tissue

Figure 1 - The cascade of events after a superficial skin trauma. MSC: Mesenchymal stem cell, PMN: polymorphonuclear leukocytes
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at the wound site undergo apoptosis, resulting in the
formation of avascular and acellular tissues.”** Failure
of myofibroblasts to undergo apoptosis results in the
pathophysiological processes of wound healing and
hypertrophic scar formation.”” Serious injuries may
result in the inability of healing skin to restore hair
follicles and sweat glands.*

Pathophysiology  of wound healing. Multiple
factors that influence the wound healing process
are classified into local and systemic factors. Local
factors influence the characteristics of the wound and
impair the healing process, such as ischemic tissues,
foreign bodies, contamination, bacterial infection,
and elevated tissue pressure.”” Systemic factors are
the overall health parameters of patients that influence
the wound healing process; these include age, gender
hormones, diabetes, stress, obesity, hypothermia,
smoking, and nutrition. All these factors can lead to the
failure of progression of wound repair process through
normal stages of wound healing, resulting in a chronic
wound.>” Excessive inflammation during cutaneous
wound repair has been linked to chronic wounds and
scar formation.’’ In a persistent inflammatory state,
macrophages and neutrophils continuously release
large amounts of proinflammatory cytokines which
upregulate the expression of MMPs.*% The high
expression of MMPs at the wound site results in the
degradation or inactivation of various important
factors for wound repair, including growth factors and
wound matrix.”” In pathophysiological conditions, the
restoration of deep dermal layers is not efficient, which
leads to either chronic wound or scar formation with
loss of tissue function and structure.”® The treatment
of chronic wounds is challenging because of our
weak understanding of the underlying pathological
mechanisms. Therefore, new therapeutic strategies for
the treatment of chronic wounds are desired.

Mesenchymal stem cell-based therapy and wound
healing. The use of stem cells for the treatment of
chronic wounds has primarily focused on MSCs, also
known as adult stem cells. Adipose tissue provides an
easily accessible source of MSCs that could potentially
avoid the unethical issues related to the use embryonic
stem cells. Among the different sources of MSCs that
might have therapeutic potential for chronic wound
repair and injured skin regeneration, AMSCs have
been administered structurally and systemically owing
to their crucial role in cutaneous wound repair.®
In addition to their capability to differentiate into
various cell types with specialized functions, AMSCs
can mediate the wound healing process by secreting
different growth factors and mediators rather than
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making just structural contributions.”® Multiple studies
have shown that AMSCs can boost the repair process
of chronic cutaneous wounds when applied locally to
the injured skin in patients.***® Through the release
of growth factors, cytokines, and other mediators,
AMSCs mediate the formation of new blood vessels,
recruit progenitor cells, stimulate cell differentiation,
and induce ECM formation (Figure 2).*> Moreover,
AMSCs have immunomodulatory properties that
can regulate fibrosis and inflammation and promote
wound healing through the secretion of immune
mediators such as interferon-A, TNF-o, IL-1a,
IL-1B, and prostaglandin E 2.**% A hypoxic wound
microenvironment induces the expression of hypoxia-
inducible factors 1a and 2a. These molecules upregulate
the expression of VEGE hepatocyte growth factor,
and bFGF in MSCs resulting in an augmented repair
response in the wound microenvironment.” As
previously reported, MSCs can express tissue inhibitors
of matrix metalloproteinases which gradually inhibit all
active matrix metalloproteinases, thereby limiting the
destruction of wound microenvironment to trauma-
generated debris.”" This effect enhances the deposition
of a new matrix.” In the following subsections, we will
discuss and review the potential therapeutic strategies
based on AMSCs for cutaneous wound repair via
enhancement of wound closure, re-epithelialization,
angiogenesis, and immunomodulation.

Contribution of AMSCs to cutaneous wound
healing. The formation of new blood vessels is promoted
by different growth factors including VEGE. Adipose-
derived MSCs on the wounds show site-specific
differentiation to epithelial and endothelial cells, which
suggest that AMSCs have the capacity to enhance
cutaneous wound healing through differentiation,
vasculogenesis and secretion of the major angiogenic
factor (VEGF).*® It has been suggested that AMSCs
accelerate wound healing by releasing the growth
factors that promote angiogenesis.** Zografou et al®
demonstrated that AMSCs increase the survival of skin
grafts and show higher collagen density and VEGF
expression which mediate proliferation.

Adipose-derived MSCs enhance wound healing
via the mediation of several processes, including
proliferation, migration, and angiogenesis at the wound
site.* The implantation of single-layer AMSC sheets
and triple-layer AMSC sheets onto a full-thickness skin
wound for 3 weeks resulted in a significantly smaller
wound area and higher angiogenisity than those in the
non-treated control.> Autologous AMSC-based therapy
is an ideal strategy for minimizing immune rejection.
Autologous transplantation of AMSCs enhanced
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Figure 2 - Major cytokines and growth factors released by mesenchymal stem cells and their role in wound healing and cutancous regeneration. AMSC:
adipose-derived mesenchymal stem cell, VEGF: vascular endothelial growth factor, bFGF: basic fibroblast growth factor, HGF: hepatocyte
growth factor, TGF-f: transforming growth factor-f, PDGF: platelet-derived growth factor, PGE2: prostaglandin E2, TIMPs: tissue inhibitors
of metalloproteinases, IGF-1: insulin-like growth factor 1, IL: interleukin, TNF-ou: tumor necrosis factor-o., CXCLI: the chemokine (C-X-C
motif) ligand 1, IFN-y: interferon gamma, HIF-1a.: hypoxia-inducible factor 1 alpha

wound healing in a diabetic rat, and the results showed
a significant increase in skin graft survival, angiogenesis,
and epithelialization.” Another study showed that
implantation of autologous AMSCs containing an
atelocollagen matrix with silicon membrane in full-
thickness round skin defects significantly enhanced
granulation and angiogenesis compared to those in
mice treated with ACMS alone.® In a murine model,
a group of scientists investigated the effects of AMSCs,
with an acellular dermal matrix, on the treatment
of full-thickness cutaneous wounds.”” The AMSCs
seeded on the acellular dermal matrix group led to a
significant increase in the re-epithelialization rate and
blood vessel density compared to that in the acellular
dermal matrix only group.” Moreover, AMSCs were
found to co-localize and express VEGF after the
transplantation, which suggests that AMSCs seeded
on acellular dermal matrix can promote angiogenesis
and accelerate the cutaneous wound healing process.”
The in vitro and in vivo differentiation of AMSCs into
endothelial cells (ECs) have been reported in various
studies.'* In hind-limb ischemia models, AMSCs
were shown to successfully differentiate into ECs that

contribute to neo-angiogenesis, suggesting the potential
use of AMSC:s as a source of endothelial cells for cellular
pro-angiogenic therapies.” The expression studies of
angiogenic markers, after human AMSC transplantation
in rat ECM, revealed a significant increase in the
expression of VEGF and a higher volume of newly
generated tissue enriched with vasculature compared
to those in the group with ECM alone, indicating that
AMSC:s can promote tissue growth and angiogenesis.”
A comparative analysis of paracrine factor secretion
between dermal sheath cells, BM-MSCs, and AMSCs
revealed that insulin-like growth factor-1, VEGF-D,
and IL-8 are highly expressed in AMSCs compared to
that in BM-MSCs and dermal sheath cells.”! Moreover,
results showed that VEGF-A and VEGF-D are major
growth factors released by AMSCs that enhance the
formation of new blood vessels indicating that adipose
tissue is a preferred source of MSCs over other MSC
sources to augment angiogenic-based therapeutic
approaches.”!

Acceleration of wound closure. The therapeutic
potential of AMSC:s in the wound healing process owing
to their ability to accelerate wound closure after skin

https://smj.org.sa  Saudi Med J 2022; Vol. 43 (10) 1079



AMSC:s for wound healing ... Almalki

injury has been demonstrated in multiple studies. >

Mesenchymal stem cells can stimulate dermal fibroblast
migration and provide important signals for dermal
fibroblast responses to cutaneous injury.’> Adipose-
derived MSCs have been shown to significantly accelerate
wound closure in normal and diabetic rats.”* The green
fluorescent  protein-labeled AMSCs implanted in
wounds showed site-specific differentiation to epithelial
and endothelial cells, which suggests that AMSCs
can accelerate cutaneous wound closure and healing
through differentiation, angiogenesis, and secretion of
angiogenic factors, including VEGE** Another study
demonstrated that self-assembled AMSC spheroids
resulted in fast wound closure and angiogenic activity
after their administration to the created wounds on rat
dorsal skin.”” In a rat model, AMSCs were also shown
to support topical skin adhesives to close wounds,
indicating their potential use for wound closure.®
An in vivo study on diabetic and non-diabetic rats
showed that local injection of AMSCs significantly
accelerated wound closure in full thickness skin defects
in both groups compared to that in the control.”
Adipose-derived MSC-based therapy has emerged as
a new therapeutic strategy for the treatment of skin
wounds. The transplantation of AMSC sheets into skin
wounds in diabetic rats significantly accelerated wound
closure and healing outcomes.* Adipose-derived MSC
treatment of dorsal full-thickness skin wound defects in
a diabetic rodent model resulted in accelerated wound
closure and healing compared to those in the control
without AMSC implantation, suggesting that AMSCs
engrafted into the local wound tissue enhance diabetic
wound healing.”® Treatment with TNF-o in a rat
excisional wound model resulted in enhanced wound
closure and angiogenesis, and inhibition of IL-6 or IL-8
expression significantly delayed wound closure.”
Re-epithelialization. During the wound healing
process, macrophages secrete several growth factors
and cytokines that induce the migration of fibroblasts,
epithelial, and endothelial cells into the wound site,
which promotes wound repair during the proliferative
phase.”*® Local implantation of autologous AMSCs
significantly induced epithelialization, blood vessel
density, and tissue granulation in full-thickness skin
defects in diabetic and non-diabetic rat models.”” The
AMSCs implanted in wounds showed site-specific
differentiation to epithelial and endothelial cells, which
indicates that AMSCs have the capacity to mediate
cutaneous wound healing through differentiation,
vasculogenesis and secretion of growth factors.* Green
fluorescent protein-labeled AMSCs in wounds showed
localized differentiation to epithelial and endothelial
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cells at the wound site. The differentiation of AMSCs
to epithelial cells was also reported in an in vitro study,
which showed that all-trans retinoic acid treatment
of AMSC:s resulted in the formation of keratin fibers,
and more than 80% of AMSCs were able to undergo
epithelial differentiation.® To examine whether AMSCs
have the potential for wound repair, chronic wounds
were created via clinical radiation to study the role
of AMSCs in the treatment of chronic wounds.”!
The findings of this study demonstrated that AMSC
treatment resulted in observed re-epithelialization and
the formation of new blood vessels.®' Results obtained
from ex vivo experiments have shown that AMSCs
enhance the proliferation and migration of dermal
fibroblasts and keratinocytes. Thus, AMSCs contribute
to re-epithelialization at the wound site via paracrine
signaling to maintain the homeostasis of epidermis
through the secretion of growth factors.?>#

Immunomodulation  of chronic inflammation.
Platelet aggregation occurs immediately after injury to
prevent blood loss, and different immune cells release
cytokines and other factors that trigger an inflammatory
response. Macrophages and neutrophils also secrete
growth factors that promote repair of injured skin.”*
Excessive inflammation during cutaneous wound repair
has been linked to chronic wounds and scar formation.”'
In chronic inflammation state, macrophages and
neutrophils continuously release proinflammatory
cytokines that upregulate the expression of MMPs,
resulting in the degradation or inactivation of several
important factors for wound repair.”>¥” This chronic
inflammation leads to further defects in the injured
skin. The major therapeutic approaches for cutaneous
wound repair aim to reduce excessive inflammatory
responses in chronic injuries.

The hypodermis layer is composed of adipocytes,
AMSCs and blood vessels that secrete various factors
involved in the regulation of inflammatory responses
and new blood vessel formation.®? These therapeutic
effects could be attributed to resident AMSCs, which
secrete numerous anti-apoptotic signaling molecules
and growth factors and contribute to the endogenous
repair of wounds.'#*% Adipose-derived MSCs have the
capacity to produce trophic mediators that modulate
the inflammatory response in wounds and stimulate
skin regeneration and repair (Figure 3).*** Numerous
in vitro studies have shown that AMSCs possess
immunosuppressive properties, as they secrete IFN-y
and prostaglandin E2.% Adipose-derived MSCs can
interact with various immune cells including T and
B lymphocytes, NK cells, neutrophils, and dendritic
cells.?*® Another study showed that AMSCs express
Jagged 1, which suppresses T-cell proliferation through
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Notch receptor pathway activation and NF-kB pathway
inhibition.** Furthermore, AMSCs have been reported
to inhibit the secretion of proinflammatory cytokines
from peripheral blood mononuclear cells (Figure 3).%
Interestingly, cellsinlymphoid organs such as fibroblastic
reticulocytes and lymphatic ECs stimulate the TNF-a
and IFN-y expression and activate T cells migration in
lymph nodes, indicating a direct immunomodulatory
role of the lymphatic cells during wound healing.”
macrophage, T lymphocytes, and platelets release
TGF-B that induce fibroblasts to participate in this
process. Moreover, the lymphatic cells have a key role
in reducing oxygen tension and pH around the wound
area, which results in the induction of angiogenesis
via the release of FGF, VEGE, and TGF-f3.#* Similarly,
AMSCs can mediate angiogenesis, proliferation, and
differentiation during the wound healing process via
the secretion of various growth factors and cytokines.®

In murine models, administration of human
AMSCs reduced inflammation via the inhibition of
inflammatory cytokines expression and stimulation
IL-10 expression.” Treatment with TNF-o in a rat
excisional wound model resulted in enhanced wound
closure, angiogenesis, and infiltration of immune cells
into the cutaneous wound.” Inhibition of IL-6 or
IL-8 expression significantly attenuated the TNF-a-
stimulated wound closure and infiltration of immune
cells, suggesting that the TNF-a-activated AMSCs
enhance cutaneous wound repair through IL-6 and
IL-8. Mesenchymal stem cells have been shown
to upregulate anti-inflammatory cytokines such as
IL-10 and IL-12 and downregulate pro-inflammatory
cytokines such as IFN-y, IL-1, and IL-6.* Adipose-
derived MSC transplantation into full thickness-skin
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grafts in a rat model resulted in a significant increase in
skin graft survival rate compared to that in the control
without AMSC infusion. Furthermore, the expression
of IL-1p and TNF-o were significantly reduced, while
that of IL-10 and Arg-1 were increased, indicating
that the immunosuppressive properties of AMSCs can
indirectly enhance skin graft survival.®® Several studies
have reported the enhancement of cutaneous wound
healing in after transplantation of AMSCs, suggesting
the potential clinical applications of AMSCs for wound
repair owing to their immunomodulatory effects during
excessive inflammatory response in chronic cutaneous
wounds. #4869

Mesenchymal ~ stem  cell-derived — exosomes in
cutaneous regeneration. Wound healing is a complex
process that requires the involvement of several factors
at the wound site, including, but not limited to, growth
factors, cytokines, and ECM. Mesenchymal stem cells
have been reported to play critical roles in all stages of
cutaneous regeneration through paracrine signaling,
which  affects  re-epithelialization,  proliferation,
and migration.®®”® Several studies have shown that
MSC-derived exosomes can promote cutaneous
regeneration through their effects on the inflammation,
re-epithelialization, and remodeling phases (Figure 4).”"72
Exosomes are extracellular nanovesicles (50-100 nm)
that encapsulates proteins, mRNAs, miRNAs, and
soluble cytokines responsible for the paracrine effect of
MSCs.”*7> Exosomes are secreted by a variety of cells
and are found in body fluids such as blood and urine.”
The composition of MSC-derived exosomes varies from
that of the exosomes released by other cell types, and
some proteins can be used as markers to determine the
identity of exosomes.”!

~

Figure 3 - Mesenchymal stem cells immunomodulatory roles in wound closure. Adipose-derived MSCs (AMSCs) interfere with the expression and
secretion of various pro-inflammatory cytokines and selectively promote the expression of pro-healing and pro-fibrotic cytokines and cells.
As well, AMSC:s have a suppressive effect on inflammatory cells like neutrophils, M1 macrophages, and T cells. The cumulative effect of
such roles of AMSC:s is to shorten duration and enhance wound closure. TGF-f: transforming growth factor-f, PGE2: prostaglandin E2,
IL: interleukin, TNF-o.: tumor necrosis factor-o, IFN-y: interferon gamma
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Recently, there has been a growing interest in
MSC-derived exosomes owing to their important
role as modulators of the inflammatory response.
The pro-inflammatory (M1) and anti-inflammatory
(M2) phenotypes of macrophages play a key role
in the cutaneous regeneration process. Adipose-
derived MSC-derived exosomes were found to switch
macrophage polarization toward the anti-inflammatory
phenotype (M2).”* Among the miRNAs encapsulated
in MSC-derived exosomes, miR-223 was found to
suppress the pro-inflammatory pathway and enhance
the anti-inflammatory response by reducing the
production of IL-6; contrastingly, miR-199a plays a
critical role in differentiation and re-epithelialization.”
Incubation of T cells with MSC-derived exosomes
resulted in inhibition of T cell proliferation and
promoted the switch toward Thl7 polarization.”
Direct administration of MSC-derived extracellular
vesicles effectively enhanced cutaneous regeneration
by promoting dermal angiogenesis, migration, and
re-epithelialization, and inhibited apoptosis in vitro
via the downregulation of apoptosis-inducing factor
(AIF) and upregulation of poly ADP ribose polymerase
1 (PARP-1). A recent study demonstrated that
MSC-derived exosomes could downregulate pro-
inflammatory cytokines such as IL-6, IL-1P, and
TNEF-a by suppressing MAPKs of ERK1/2, P38, and
JNK.” In addition, treatment of THP-1 cells with
MSC-derived exosomes resulted in elevated expression
of anti-inflammatory cytokines and polarization of
macrophages toward M2 phenotype via inhibition of
toll-like receptor 4 (TLR4) signaling by let-7 miRNA.
Knockdown of AKT inhibited the immunomodulatory
effect of MSC-derived exosomes on THP-1 cells
indicating the important role of AKT activation via
STAT3 signaling.”” Moreover, miRNA-181c carried
by MSC-derived exosomes was reported to promote
cutaneous regeneration by inhibiting TLR4 signaling.”®
These studies indicate that MSC-derived extracellular
vesicles can promote cutaneous regeneration and
chronic wound healing through their effects on the
inflammation, re-epithelialization, angiogenesis, cell
migration, and ECM remodeling (Figure 4).

The bioactivities of MSC-derived exosomes seem to
be controlled by wider range of miRNAs and proteins.
Further investigations and studies are required to
provide a comprehensive understanding of the key roles
of MSC-derived extracellular vesicles in chronic wound
healing and to facilitate their use as a therapeutic
strategy in cutaneous regeneration and repair.

Discussion and future perspectives. Adipose tissue
is an easily accessible, abundant, and rich source of
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MSCs with a great therapeutic potential.””*® The high
MSC yield from adipose tissue, compared to that
from BM, makes AMSCs an attractive cell source for
the repair of chronic wounds and skin regeneration.'”
Adipose-derived MSCs have been studied as an
attractive alternative to BM-MSCs owing to their
therapeutic potential for cutaneous wound repair. In
pathophysiological conditions, the restoration of deep
dermallayersis notefficient, which leads to either chronic
wound or scar formation with loss of tissue function
and structure.”® The treatment of chronic wounds is
challenging because of our weak understanding of the
underlying pathological mechanisms. Accordingly,
new therapeutic strategies for the treatment of chronic
wounds are required. Several therapeutic strategies based
on AMSGCs, including enhancement of angiogenesis,
acceleration of wound closure, re-epithelialization,
and immunomodulation of excessive inflammation,
have been investigated for the treatment of chronic
cutaneous wounds.

Various studies have shown that AMSC implantation
into the wound site results in a significant increase in the
formation of new blood vessels. Adipose-derived MSCs
have been found to co-localize and secrete different
mediators and growth factors, including VEGE after
transplantation, suggesting that they can promote
angiogenesis and accelerate cutaneous wound healing
process. Moreover, several reports have demonstrated
that AMSCs have the capability to differentiate into
ECs, suggesting their potential use in angiogenic-based
therapeutic approaches. Adipose-derived MSCs have
also been shown to significantly accelerate wound healing
in normal and diabetic rats. The infusion of these cells
can accelerate cutaneous wound closure and healing
through differentiation, vasculogenesis and secretion
of different mediators and growth factors. The AMSCs
implanted in wounds show site-specific differentiation
to epithelial cells, which suggests that they can enhance
the cutaneous wound healing through differentiation to
epithelial cells. In vitro experiments have shown that
AMSC:s can differentiate to epithelial cells, and more
than 80% of AMSCs were able to undergo epithelial
differentiation. Adipose-derived MSCs contribute to
re-epithelialization at the wound site via a paracrine
signaling to maintain the homeostasis of the epidermis.
Furthermore, excessive inflammation during cutaneous
wound repair has been linked to chronic wounds and
scar formation.”® The major therapeutic approaches
for cutaneous wound repair aim to reduce excessive
inflammatory responses in chronic injuries. The
AMSCs produce trophic mediators that modulate
the inflammatory response in wounds and stimulate
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Figure 4 - Mesenchymal stem cell-derived exosomes regulate migration, proliferation, re-epithelialization, and angiogenesis, and have immunomodulatory
roles at wound site. AMSC: adipose-derived mesenchymal stem cell, mRNA: messenger ribonucleic acid, miRNA: microRNA, STAT?3: signal
transducer and activator of transcription 3, AKT: protein kinase B, ERK: extracellular signal-regulated kinase, T regs: regulatory T cells, MAPK:

mitogen-activated protein kinase, TLR4: toll-like receptor 4

skin regeneration and repair. Moreover, AMSC
implantation into the wound site reduces inflammation
by inhibiting the expression of inflammatory cytokines
and stimulating that of immunosuppressive cytokines
including IL-10. The expression of IL-1p and TNF-a
were significantly decreased, while that of IL-10 and
Arg-1 were increased after AMSC transplantation into
the wound site.

The wound microenvironment and resident cells,
which secrete cytokines and growth factors, determine
the capability of wound tissue repair. Systemic factors
cause pathological changes to this microenvironment
and play critical roles in non-healing wounds. These
changes result in challenging conditions for cell-based

therapies. Additionally, cutaneous chronic wounds
are characterized by increased MMP activity, which
result in degradation of growth factors and tissue
lysis.®*82 Chronic wound fluid oxidative stress within
the wound negatively affects the proliferation and
migration activities of stem cells and represents local
challenges to the therapeutic potential of MSCs for
cutaneous wounds.?* Moreover, the number of cells
required to achieve enhanced wound healing in patients
is not well known. Novel strategies for cell delivery to
maintain MSC functionality and survival are required
to overcome these challenges. Recently, a few studies
have shown that seeding AMSCs on a biomimetic
hydrogel scaffold and biodegradable sutures, maintains
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the stemness of seeded cells, and induces wound healing
process.*** Stromal vascular fraction (SVF) could be
of great importance for its use as a scaffold for wound
repair, as it comprises of microvasculature and ECM in
addition to AMSCs that promote the healing process.

Prolonged culturing of AMSCs influences the
viability of these cells due to replicative senescence.?”
The senescent AMSCs lose their secretory repertoire
and paracrine effects, which are pivotal for
immunomodulation and angiogenesis during wound
healing.® The paracrine role of AMSCs at the wound
site provides evidence of the relationships between
these cells and other cellular components of the skin.
While AMSCs secrete paracrine factors that promote
skin wound healing, this role may also result in the
progression of tumor cell division.” Therefore, further
studies using larger randomized controlled trials are
required to ensure the safety of AMSC applications and
elucidate the mechanisms underlying their efficacy.

In conclusion, AMSC-based therapy for non-healing
or chronic cutaneous wounds in animal models has been
shown to accelerate wound healing through different
mechanisms. Therefore, the use of autologous AMSCs
to promote cutaneous wound healing in patients
appears to be a promising therapeutic strategy.

Acknowledgment. 7he authors gratefully acknowledge the
Deanship of Scientific Research and the Deanship of Community Services
at Majmaah University, Majmaah, Kingdom of Saudi Arabia for
supporting this work and the secondary school students (Ibrahim Albasri,
Abmed Albedah, Osama Alshammary, Abdulmohbsen Algaith, and
Ali Almanie) for participating in this work. The author also would like
to thank Editage for English language editing.

References

1. Isakson M, de Blacam C, Whelan D, McArdle A, Clover AJ.
Mesenchymal stem cells and cutaneous wound healing: current
evidence and future potential. Stem Cells Int 2015; 2015:
831095.

2. Maan ZN, Januszyk M, Rennert RC, Duscher D, Rodrigues
M, Fujiwara T, et al. Noncontact, low-frequency ultrasound
therapy enhances neovascularization and wound healing in
diabetic mice. Plast Reconstr Surg 2014; 134: 402¢-411e.

3. Sen CK, Gordillo GM, Roy S, Kirsner R, Lambert L, Hunt TK,
et al. Human skin wounds: a major and snowballing threat to
public health and the economy. Wound Repair Regen 2009; 17:
763-771.

4. Cerqueira MT, Pirraco RP, Marques AP Stem cells in skin
wound healing: are we there yet? Adv Wound Care (New
Rochelle) 2016; 5: 164-175.

5. Guo S, Dipietro LA. Factors affecting wound healing. J Dent
Res 2010; 89: 219-229.

6. Hocking AM. Mesenchymal stem cell therapy for cutaneous
wounds. Adv Wound Care (New Rochelle) 2012; 1: 166-171.

1084 Saudi Med ] 2022; Vol. 43 (10)  https://smj.org.sa

7.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

. Halfon S, Abramov N, Grinblat B, Ginis I.

Shalaby SM, Sabbah NA, Saber T, Abdel Hamid RA. Adipose-
derived mesenchymal stem cells modulate the immune response

in chronic experimental autoimmune encephalomyelitis model.
IUBMB Life 2016; 68: 106-115.

. Wei X, Yang X, Han ZP, Qu FE Shao L, Shi YE Mesenchymal

stem cells: a new trend for cell therapy. Acta Pharmacol Sin
2013; 34: 747-754.

Markers
distinguishing mesenchymal stem cells from fibroblasts are
downregulated with passaging. Stem Cells Dev 2011; 20: 53-66.
Lee DE, Ayoub N, Agrawal DK. Mesenchymal stem cells
and cutaneous wound healing: novel methods to increase cell
delivery and therapeutic efficacy. Stem Cell Res Ther 2016; 7:
37.

Almalki SG, Llamas Valle Y, Agrawal DK. MMP-2 and
MMP-14 silencing inhibits VEGFR2 cleavage and induces
the differentiation of porcine adipose-derived mesenchymal
stem cells to endothelial cells. Stem Cells Transl Med 2017; 6:
1385-1398.

Hass R, Kasper C, Bshm S, Jacobs R. Different populations and
sources of human mesenchymal stem cells (MSC): a comparison
of adult and neonatal tissue-derived MSC. Cell Commun Signal
2011;9: 12.

Lam ATL, Reuveny S, Oh SK. Human mesenchymal stem cell
therapy for cartilage repair: review on isolation, expansion, and
constructs. Stem Cell Res 2020; 44: 101738.

Mushahary D, Spittler A, Kasper C, Weber V, Charwat
V. Isolation, cultivation, and characterization of human
mesenchymal stem cells. Cyromerry A 2018; 93: 19-31.

Kern S, Eichler H, Stoeve ], Kliiter H, Bieback K. Comparative
analysis of mesenchymal stem cells from bone marrow, umbilical
cord blood, or adipose tissue. Stem Cells 20065 24: 1294-1301.
Almalki SG, Agrawal DK. Key transcription factors in the
differentiation of mesenchymal stem cells. Differentiation
2016; 92: 41-51.

Boquest AC, Shahdadfar A, Brinchmann JE, Collas P. Isolation
of stromal stem cells from human adipose tissue. Methods Mol
Biol 20065 325: 35-46.

Frykberg RG, Banks J. Challenges in the treatment of chronic
wounds. Adv Wound Care (New Rochelle) 2015; 4: 560-582.
Shin L, Peterson DA. Human mesenchymal stem cell grafts
enhance normal and impaired wound healing by recruiting
existing endogenous tissue stem/progenitor cells. Stem Cells
Transl Med 2013; 2: 33-42.

Motegi SI, Ishikawa O. Mesenchymal stem cells: the roles and
functions in cutaneous wound healing and tumor growth. J
Dermatol Sci 2017; 86: 83-89.

Volarevic V, Arsenijevic N, Lukic ML, Stojkovic M. Concise
review: mesenchymal stem cell treatment of the complications
of diabetes mellitus. Stemz Cells 2011; 29: 5-10.

Chen JS, Wong VW, Gurtner GC. Therapeutic potential of
bone marrow-derived mesenchymal stem cells for cutaneous
wound healing. Front Immunol 2012; 3: 192.

Baroni A, Buommino E, De Gregorio V, Ruocco E, Ruocco
V, Wolf R. Structure and function of the epidermis related to
barrier properties. Clin Dermatol 2012; 30: 257-262.

Venus M, Waterman J, McNab I. Basic physiology of the skin.
Surgery 2011; 29: 471-474.

Tottoli EM, Dorati R, Genta I, Chiesa E, Pisani S, Conti B.
Skin wound healing process and new emerging technologies for
skin wound care and regeneration. Pharmaceutics 2020; 12:

735.


https://pubmed.ncbi.nlm.nih.gov/26106431/
https://pubmed.ncbi.nlm.nih.gov/26106431/
https://pubmed.ncbi.nlm.nih.gov/26106431/
https://pubmed.ncbi.nlm.nih.gov/26106431/
https://pubmed.ncbi.nlm.nih.gov/25158717/
https://pubmed.ncbi.nlm.nih.gov/25158717/
https://pubmed.ncbi.nlm.nih.gov/25158717/
https://pubmed.ncbi.nlm.nih.gov/25158717/
https://pubmed.ncbi.nlm.nih.gov/19903300/
https://pubmed.ncbi.nlm.nih.gov/19903300/
https://pubmed.ncbi.nlm.nih.gov/19903300/
https://pubmed.ncbi.nlm.nih.gov/19903300/
https://pubmed.ncbi.nlm.nih.gov/27076994/
https://pubmed.ncbi.nlm.nih.gov/27076994/
https://pubmed.ncbi.nlm.nih.gov/27076994/
https://pubmed.ncbi.nlm.nih.gov/20139336/
https://pubmed.ncbi.nlm.nih.gov/20139336/
https://pubmed.ncbi.nlm.nih.gov/24527299/
https://pubmed.ncbi.nlm.nih.gov/24527299/
https://pubmed.ncbi.nlm.nih.gov/26757144/
https://pubmed.ncbi.nlm.nih.gov/26757144/
https://pubmed.ncbi.nlm.nih.gov/26757144/
https://pubmed.ncbi.nlm.nih.gov/26757144/
https://pubmed.ncbi.nlm.nih.gov/23736003/
https://pubmed.ncbi.nlm.nih.gov/23736003/
https://pubmed.ncbi.nlm.nih.gov/23736003/
https://pubmed.ncbi.nlm.nih.gov/20528146/
https://pubmed.ncbi.nlm.nih.gov/20528146/
https://pubmed.ncbi.nlm.nih.gov/20528146/
https://pubmed.ncbi.nlm.nih.gov/26960535/
https://pubmed.ncbi.nlm.nih.gov/26960535/
https://pubmed.ncbi.nlm.nih.gov/26960535/
https://pubmed.ncbi.nlm.nih.gov/26960535/
https://pubmed.ncbi.nlm.nih.gov/28213979/
https://pubmed.ncbi.nlm.nih.gov/28213979/
https://pubmed.ncbi.nlm.nih.gov/28213979/
https://pubmed.ncbi.nlm.nih.gov/28213979/
https://pubmed.ncbi.nlm.nih.gov/28213979/
https://pubmed.ncbi.nlm.nih.gov/21569606/
https://pubmed.ncbi.nlm.nih.gov/21569606/
https://pubmed.ncbi.nlm.nih.gov/21569606/
https://pubmed.ncbi.nlm.nih.gov/21569606/
https://pubmed.ncbi.nlm.nih.gov/32109723/
https://pubmed.ncbi.nlm.nih.gov/32109723/
https://pubmed.ncbi.nlm.nih.gov/32109723/
https://pubmed.ncbi.nlm.nih.gov/29072818/
https://pubmed.ncbi.nlm.nih.gov/29072818/
https://pubmed.ncbi.nlm.nih.gov/29072818/
https://pubmed.ncbi.nlm.nih.gov/16410387/
https://pubmed.ncbi.nlm.nih.gov/16410387/
https://pubmed.ncbi.nlm.nih.gov/16410387/
https://pubmed.ncbi.nlm.nih.gov/27012163/
https://pubmed.ncbi.nlm.nih.gov/27012163/
https://pubmed.ncbi.nlm.nih.gov/27012163/
https://pubmed.ncbi.nlm.nih.gov/16761717/
https://pubmed.ncbi.nlm.nih.gov/16761717/
https://pubmed.ncbi.nlm.nih.gov/16761717/
https://pubmed.ncbi.nlm.nih.gov/26339534/
https://pubmed.ncbi.nlm.nih.gov/26339534/
https://pubmed.ncbi.nlm.nih.gov/23283490/
https://pubmed.ncbi.nlm.nih.gov/23283490/
https://pubmed.ncbi.nlm.nih.gov/23283490/
https://pubmed.ncbi.nlm.nih.gov/23283490/
https://pubmed.ncbi.nlm.nih.gov/27866791/
https://pubmed.ncbi.nlm.nih.gov/27866791/
https://pubmed.ncbi.nlm.nih.gov/27866791/
https://pubmed.ncbi.nlm.nih.gov/21280154/
https://pubmed.ncbi.nlm.nih.gov/21280154/
https://pubmed.ncbi.nlm.nih.gov/21280154/
https://pubmed.ncbi.nlm.nih.gov/22787462/
https://pubmed.ncbi.nlm.nih.gov/22787462/
https://pubmed.ncbi.nlm.nih.gov/22787462/
https://pubmed.ncbi.nlm.nih.gov/22507037/
https://pubmed.ncbi.nlm.nih.gov/22507037/
https://pubmed.ncbi.nlm.nih.gov/22507037/
https://www.surgeryjournal.co.uk/article/S0263-9319(11)00131-1/fulltext
https://www.surgeryjournal.co.uk/article/S0263-9319(11)00131-1/fulltext
https://pubmed.ncbi.nlm.nih.gov/32764269/
https://pubmed.ncbi.nlm.nih.gov/32764269/
https://pubmed.ncbi.nlm.nih.gov/32764269/
https://pubmed.ncbi.nlm.nih.gov/32764269/

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.
37.

38.

39.

40.

41.

42.

43.

44,

AMSC:s for wound healing ... Almalki

Eming SA, Martin P, Tomic-Canic M. Wound repair and
regeneration: mechanisms, signaling, and translation. Sci Trans/
Med 2014; 6: 265sr6.

Broughton G 2nd, Janis JE, Attinger CE. Wound healing: an
overview. Plast Reconstr Surg 2006; 117: 1e-S-32e-S.

Loots MA, Lamme EN, Zeegelaar J, Mekkes JR, Bos JD,
Middelkoop E. Differences in cellular infiltrate and extracellular
matrix of chronic diabetic and venous ulcers versus acute
wounds. / Invest Dermatol 1998; 111: 850-857.

Wilkinson HN, Hardman M]. Wound healing: cellular
mechanisms and pathological outcomes. Open Biol 2020; 10:
200223.

Bielefeld KA, Amini-Nik S, Alman BA. Cutaneous wound
healing: recruiting developmental pathways for regeneration.
Cell Mol Life Sci 2013; 70: 2059-2081.

Landén NX, Li D, Stihle M. Transition from inflammation to
proliferation: a critical step during wound healing. Cel/ Mol Life
Sci 20165 73: 3861-3885.

Demidova-Rice TN, Hamblin MR, Herman IM. Acute and
impaired wound healing: pathophysiology and current methods
for drug delivery, part 1: normal and chronic wounds: biology,
causes, and approaches to care. Adv Skin Wound Care 2012; 25:
304-314.

Guillamat-Prats R. The role of MSC in wound healing, scarring
and regeneration. Cells 2021; 10: 1729.

Darby IA, Laverdet B, Bonté F Desmouli¢re A. Fibroblasts
and myofibroblasts in wound healing. Clin Cosmer Investig
Dermatol 2014; 7: 301-311.

Singer AJ, Clark RA. Cutaneous wound healing. N Engl ] Med
1999; 34: 738-746.

Williamson D, Harding K. Wound healing. Medicine 2004; 32:
4-7.

Rodrigues M, Kosaric N, Bonham CA, Gurtner GC. Wound
healing: a cellular perspective. Physiol Rev 2019; 99: 665-706.
Shingyochi Y, Orbay H, Mizuno H. Adipose-derived stem
cells for wound repair and regeneration. Expert Opin Biol Ther
2015; 15: 1285-1292.

Hu MS, Rennert RC, McArdle A, Chung MT, Walmsley GG,
Longaker MT, et al. The role of stem cells during scarless skin
wound healing. Adv Wound Care (New Rochelle) 2014; 3:
304-314.

Tamama K, Kawasaki H, Kerpedjieva SS, Guan J, Ganju RK,
Sen CK. Differential roles of hypoxia inducible factor subunits
in multipotential stromal cells under hypoxic condition. J Cell
Biochem 2011; 112: 804-817.

Almalki SG, Agrawal DK. Effects of matrix metalloproteinases
on the fate of mesenchymal stem cells. Stern Cell Res Ther 2016;
7:129.

Hassan WU, Greiser U, Wang W. Role of adipose-derived
stem cells in wound healing. Wound Repair Regen 2014; 22:
313-325.

Zografou A, Papadopoulos O, Tsigris C, Kavantzas N,
Michalopoulos E, Chatzistamatiou T, et al. Autologous
transplantation of adipose-derived stem cells enhances skin
graft survival and wound healing in diabetic rats. Ann Plast
Surg 2013; 71: 225-232.

Kato Y, Iwata T, Morikawa S, Yamato M, Okano T, Uchigata Y.
Allogeneic tansplantation of an adipose-derived stem cell sheet
combined with artificial skin accelerates wound healing in a rat
wound model of type 2 diabetes and obesity. Diabetes 2015; 64:
2723-2734.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Lin YC, Grahovac T, Oh §J, Ieraci M, Rubin JP, Marra KG.
Evaluation of a multi-layer adipose-derived stem cell sheet in
a full-thickness wound healing model. Acta Biomater 2013; 9:
5243-5250.

Nambu M, Kishimoto S, Nakamura S, Mizuno H,
Yanagibayashi S, Yamamoto N, et al. Accelerated wound
healing in healing-impaired db/db mice by autologous adipose
tissue-derived stromal cells combined with atelocollagen matrix.
Ann Plast Surg 2009; 62: 317-321.

Huang SP, Hsu CC, Chang SC, Wang CH, Deng SC, Dai NT,
et al. Adipose-derived stem cells seeded on acellular dermal
matrix grafts enhance wound healing in a murine model of a
full-thickness defect. Ann Plast Surg 2012; 69: 656-662.
Ayavoo T, Murugesan K, Gnanasekaran A. Roles and
mechanisms of stem cell in wound healing. Stem Cell
Investigation 2021; 8: 4.

Cao Y, Sun Z, Liao L, Meng Y, Han Q, Zhao RC. Human
adipose tissue-derived stem cells differentiate into endothelial
cells in vitro and improve postnatal neovascularization in vivo.
Biochem Biophys Res Commun 2005; 332: 370-379.

Matsuda K, Falkenberg KJ, Woods AA, Choi YS, Morrison WA,
Dilley R]. Adipose-derived stem cells promote angiogenesis and
tissue formation for in vivo tissue engineering. Zissue Eng Part
A2013;19: 1327-1335.

Hsiao ST, Asgari A, Lokmic Z, Sinclair R, Dusting GJ, Lim
SY, et al. Comparative analysis of paracrine factor expression
in human adult mesenchymal stem cells derived from bone
marrow, adipose, and dermal tissue. Stem Cells Dev 2012; 21:
2189-2203.

Smith AN, Willis E, Chan VT, Muffley LA, Isik FE Gibran
NS, et al. Mesenchymal stem cells induce dermal fibroblast
responses to injury. Exp Cell Res 2010; 316: 48-54.

Liu X, Wang Z, Wang R, Zhao E Shi P, Jiang Y, et al. Direct
comparison of the potency of human mesenchymal stem cells
derived from amnion tissue, bone marrow and adipose tissue at
inducing dermal fibroblast responses to cutaneous wounds. /¢
J Mol Med 2013; 31: 407-415.

Nie C, Yang D, Xu ], Si Z, Jin X, Zhang J. Locally administered
adipose-derived stem cells accelerate wound healing through
differentiation and vasculogenesis. Cell Transplant 2011; 20:
205-216.

Hsu SH, Hsieh PS. Self-assembled adult adipose-derived stem
cell spheroids combined with biomaterials promote wound
healing in a rat skin repair model. Wound Repair Regen 2015;
23: 57-64.

Nowacki M, Pietkun K, Jundzilt A, Kloskowski T, Grzanka
D, Skopinska-Wisniewska ], et al. Use of adipose-derived stem
cells to support topical skin adhesive for wound closure: a
preliminary report from animal in vivo study. Biomed Res Int
2016; 2016: 2505601.

Kim EK, Li G, Lee TJ, Hong JP. The effect of human adipose-
derived stem cells on healing of ischemic wounds in a diabetic
nude mouse model. Plast Reconstr Surg 2011; 128: 387-394.
Kuo YR, Wang CT, Cheng JT, Kao GS, Chiang YC, Wang CJ.
Adipose-derived stem cells accelerate diabetic wound healing
through the induction of autocrine and paracrine effects. Cell
Transplant 20165 25: 71-81.

Heo SC, Jeon ES, Lee IH, Kim HS, Kim MB, Kim JH. Tumor
necrosis factor-at-activated human adipose tissue-derived
mesenchymal stem cells accelerate cutaneous wound healing
through paracrine mechanisms. J Invest Dermatol 2011; 131:
1559-1567.

https://smj.org.sa  Saudi Med J 2022; Vol. 43 (10) 1085


https://pubmed.ncbi.nlm.nih.gov/25473038/
https://pubmed.ncbi.nlm.nih.gov/25473038/
https://pubmed.ncbi.nlm.nih.gov/25473038/
https://pubmed.ncbi.nlm.nih.gov/16801750/
https://pubmed.ncbi.nlm.nih.gov/16801750/
https://pubmed.ncbi.nlm.nih.gov/9804349/
https://pubmed.ncbi.nlm.nih.gov/9804349/
https://pubmed.ncbi.nlm.nih.gov/9804349/
https://pubmed.ncbi.nlm.nih.gov/9804349/
https://pubmed.ncbi.nlm.nih.gov/32993416/
https://pubmed.ncbi.nlm.nih.gov/32993416/
https://pubmed.ncbi.nlm.nih.gov/32993416/
https://pubmed.ncbi.nlm.nih.gov/23052205/
https://pubmed.ncbi.nlm.nih.gov/23052205/
https://pubmed.ncbi.nlm.nih.gov/23052205/
https://pubmed.ncbi.nlm.nih.gov/27180275/
https://pubmed.ncbi.nlm.nih.gov/27180275/
https://pubmed.ncbi.nlm.nih.gov/27180275/
https://pubmed.ncbi.nlm.nih.gov/22713781/
https://pubmed.ncbi.nlm.nih.gov/22713781/
https://pubmed.ncbi.nlm.nih.gov/22713781/
https://pubmed.ncbi.nlm.nih.gov/22713781/
https://pubmed.ncbi.nlm.nih.gov/22713781/
https://pubmed.ncbi.nlm.nih.gov/34359898/
https://pubmed.ncbi.nlm.nih.gov/34359898/
https://pubmed.ncbi.nlm.nih.gov/25395868/
https://pubmed.ncbi.nlm.nih.gov/25395868/
https://pubmed.ncbi.nlm.nih.gov/25395868/
https://pubmed.ncbi.nlm.nih.gov/10471461/
https://pubmed.ncbi.nlm.nih.gov/10471461/
https://www.medicinejournal.co.uk/article/S1357-3039(06)70696-X/pdf
https://www.medicinejournal.co.uk/article/S1357-3039(06)70696-X/pdf
https://pubmed.ncbi.nlm.nih.gov/30475656/
https://pubmed.ncbi.nlm.nih.gov/30475656/
https://pubmed.ncbi.nlm.nih.gov/26037027/
https://pubmed.ncbi.nlm.nih.gov/26037027/
https://pubmed.ncbi.nlm.nih.gov/26037027/
https://pubmed.ncbi.nlm.nih.gov/24761362/
https://pubmed.ncbi.nlm.nih.gov/24761362/
https://pubmed.ncbi.nlm.nih.gov/24761362/
https://pubmed.ncbi.nlm.nih.gov/24761362/
https://pubmed.ncbi.nlm.nih.gov/21328454/
https://pubmed.ncbi.nlm.nih.gov/21328454/
https://pubmed.ncbi.nlm.nih.gov/21328454/
https://pubmed.ncbi.nlm.nih.gov/21328454/
https://pubmed.ncbi.nlm.nih.gov/27612636/
https://pubmed.ncbi.nlm.nih.gov/27612636/
https://pubmed.ncbi.nlm.nih.gov/27612636/
https://pubmed.ncbi.nlm.nih.gov/24844331/
https://pubmed.ncbi.nlm.nih.gov/24844331/
https://pubmed.ncbi.nlm.nih.gov/24844331/
https://pubmed.ncbi.nlm.nih.gov/23636118/
https://pubmed.ncbi.nlm.nih.gov/23636118/
https://pubmed.ncbi.nlm.nih.gov/23636118/
https://pubmed.ncbi.nlm.nih.gov/23636118/
https://pubmed.ncbi.nlm.nih.gov/23636118/
https://pubmed.ncbi.nlm.nih.gov/25795216/
https://pubmed.ncbi.nlm.nih.gov/25795216/
https://pubmed.ncbi.nlm.nih.gov/25795216/
https://pubmed.ncbi.nlm.nih.gov/25795216/
https://pubmed.ncbi.nlm.nih.gov/25795216/
https://pubmed.ncbi.nlm.nih.gov/23022891/
https://pubmed.ncbi.nlm.nih.gov/23022891/
https://pubmed.ncbi.nlm.nih.gov/23022891/
https://pubmed.ncbi.nlm.nih.gov/23022891/
https://pubmed.ncbi.nlm.nih.gov/19240532/
https://pubmed.ncbi.nlm.nih.gov/19240532/
https://pubmed.ncbi.nlm.nih.gov/19240532/
https://pubmed.ncbi.nlm.nih.gov/19240532/
https://pubmed.ncbi.nlm.nih.gov/19240532/
https://pubmed.ncbi.nlm.nih.gov/23154338/
https://pubmed.ncbi.nlm.nih.gov/23154338/
https://pubmed.ncbi.nlm.nih.gov/23154338/
https://pubmed.ncbi.nlm.nih.gov/23154338/
https://pubmed.ncbi.nlm.nih.gov/33829056/
https://pubmed.ncbi.nlm.nih.gov/33829056/
https://pubmed.ncbi.nlm.nih.gov/33829056/
https://pubmed.ncbi.nlm.nih.gov/15896706/
https://pubmed.ncbi.nlm.nih.gov/15896706/
https://pubmed.ncbi.nlm.nih.gov/15896706/
https://pubmed.ncbi.nlm.nih.gov/15896706/
https://pubmed.ncbi.nlm.nih.gov/23394225/
https://pubmed.ncbi.nlm.nih.gov/23394225/
https://pubmed.ncbi.nlm.nih.gov/23394225/
https://pubmed.ncbi.nlm.nih.gov/23394225/
https://pubmed.ncbi.nlm.nih.gov/22188562/
https://pubmed.ncbi.nlm.nih.gov/22188562/
https://pubmed.ncbi.nlm.nih.gov/22188562/
https://pubmed.ncbi.nlm.nih.gov/22188562/
https://pubmed.ncbi.nlm.nih.gov/22188562/
https://pubmed.ncbi.nlm.nih.gov/19666021/
https://pubmed.ncbi.nlm.nih.gov/19666021/
https://pubmed.ncbi.nlm.nih.gov/19666021/
https://pubmed.ncbi.nlm.nih.gov/23228965/
https://pubmed.ncbi.nlm.nih.gov/23228965/
https://pubmed.ncbi.nlm.nih.gov/23228965/
https://pubmed.ncbi.nlm.nih.gov/23228965/
https://pubmed.ncbi.nlm.nih.gov/23228965/
https://pubmed.ncbi.nlm.nih.gov/20719083/
https://pubmed.ncbi.nlm.nih.gov/20719083/
https://pubmed.ncbi.nlm.nih.gov/20719083/
https://pubmed.ncbi.nlm.nih.gov/20719083/
https://pubmed.ncbi.nlm.nih.gov/25421559/
https://pubmed.ncbi.nlm.nih.gov/25421559/
https://pubmed.ncbi.nlm.nih.gov/25421559/
https://pubmed.ncbi.nlm.nih.gov/25421559/
https://pubmed.ncbi.nlm.nih.gov/27803921/
https://pubmed.ncbi.nlm.nih.gov/27803921/
https://pubmed.ncbi.nlm.nih.gov/27803921/
https://pubmed.ncbi.nlm.nih.gov/27803921/
https://pubmed.ncbi.nlm.nih.gov/27803921/
https://pubmed.ncbi.nlm.nih.gov/21788830/
https://pubmed.ncbi.nlm.nih.gov/21788830/
https://pubmed.ncbi.nlm.nih.gov/21788830/
https://pubmed.ncbi.nlm.nih.gov/25853951/
https://pubmed.ncbi.nlm.nih.gov/25853951/
https://pubmed.ncbi.nlm.nih.gov/25853951/
https://pubmed.ncbi.nlm.nih.gov/25853951/
https://pubmed.ncbi.nlm.nih.gov/21451545/
https://pubmed.ncbi.nlm.nih.gov/21451545/
https://pubmed.ncbi.nlm.nih.gov/21451545/
https://pubmed.ncbi.nlm.nih.gov/21451545/
https://pubmed.ncbi.nlm.nih.gov/21451545/

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

1086  Saudi Med J 2022; Vol. 43 (10)

AMSC:s for wound healing ... Almalki

Brzoska M, Geiger H, Gauer S, Baer P. Epithelial differentiation
of human adipose tissue-derived adult stem cells. Biochem
Biophys Res Commun 2005; 330: 142-150.

Huang SP, Huang CH, Shyu JE Lee HS, Chen SG, Chan JY,
et al. Promotion of wound healing using adipose-derived stem
cells in radiation ulcer of a rat model. J Biomed Sci 2013; 20:
51.

Niu P, Smagul A, Wang L, Sadvakas A, Sha Y, Pérez LM, et
al. Transcriptional profiling of interleukin-2-primed human
adipose derived mesenchymal stem cells revealed dramatic
changes in stem cells response imposed by replicative senescence.
Oncotarger 2015; 6: 17938-17957.

Yanez R, Oviedo A, Aldea M, Bueren JA, Lamana ML.
Prostaglandin E2 plays a key role in the immunosuppressive
properties of adipose and bone marrow tissue-derived
mesenchymal stromal cells. Exp Cell Res2010; 316: 3109-3123.
Shi D, Liao L, Zhang B, Liu R, Dou X, Li J, et al. Human
adipose tissue-derived mesenchymal stem cells facilitate the
immunosuppressive effect of cyclosporin A on T lymphocytes
through Jagged-1-mediated inhibition of NF-kB signaling. Exp
Hematol 2011; 39: 214-224.

Kronsteiner B, Wolbank S, Peterbauer A, Hackl C, Redl H,
van Griensven M, et al. Human mesenchymal stem cells from
adipose tissue and amnion influence T-cells depending on
stimulation method and presence of other immune cells. Stem
Cells Dev 2011; 20: 2115-2126.

Kucharzewski M, Rojczyk E, Wilemska-Kucharzewska K, Wilk
R, Hudecki J, Los MJ. Novel trends in application of stem cells
in skin wound healing. Eur J Pharmacol 2019; 843: 307-315.
Gonzdlez MA, Gonzalez-Rey E, Rico L, Biischer D, Delgado M.
Adipose-derived mesenchymal stem cells alleviate experimental
colitis by inhibiting inflammatory and autoimmune responses.
Gastroenterology 2009; 136: 978-989.

Wang ], Hao H, Huang H, Chen D, Han Y, Han W. The
effect of adipose-derived stem cells on full-thickness skin grafts.
Biomed Res Int 2016; 2016: 1464725.

Zhao G, Liu E Liu Z, Zuo K, Wang B, Zhang Y, et al.
MSC-derived attenuate  cell death  through
suppressing AIF nucleus translocation and enhance cutaneous
wound healing. Stem Cell Res Ther 2020; 11: 174.

Farooqi AA, Desai NN, Qureshi MZ, Librelotto DRN, Gasparri
ML, Bishayee A, et al. Exosome biogenesis, bioactivities and
functions as new delivery systems of natural compounds.
Biotechnol Adv 2018; 36: 328-334.

Hettich BE Ben-Yehuda Greenwald M, Werner S, Leroux JC.
Exosomes for wound healing: purification optimization and
identification of bioactive components. Adv Sci (Weinh) 2020;
7:2002596.

Heo JS, Kim S, Yang CE, Choi Y, Song SY, Kim HO. Human
adipose mesenchymal stem cell-derived exosomes: a key player
in wound healing. Tissue Eng Regen Med 2021; 18: 537-548.
Toh WS, Zhang B, Lai RC, Lim SK. Immune regulatory targets
of mesenchymal stromal cell exosomes/small extracellular
vesicles in tissue regeneration. Cytotherapy 2018; 20:
1419-1426.

Lo Sicco C, Reverberi D, Balbi C, Ulivi V, Principi E, Pascucci
L, et al. Mesenchymal stem cell-derived extracellular vesicles
as mediators of anti-inflammatory effects: endorsement of
macrophage polarization. Stem Cells Trans/ Med 2017; 6:
1018-1028.

€xosomes

hetps://smj.org.sa

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Mongui6-Tortajada M, Roura S, Gélvez-Montén C, Pujal
JM, Aran G, Sanjurjo L, et al. Nanosized UCMSC-derived
extracellular vesicles but not conditioned medium exclusively
inhibit the inflammatory response of stimulated T cells:
implications for nanomedicine. 7heranostics 2017; 7: 270-284.
Jaimes Y, Naaldijk Y, Wenk K, Leovsky C, Emmrich E
Mesenchymal stem  cell-derived microvesicles modulate
lipopolysaccharides-induced  inflammatory
microglia cells. Stem Cells 2017; 35: 812-823.
Ti D, Hao H, Tong C, Liu J, Dong L, Zheng ], et al. LPS-

preconditioned mesenchymal stromal cells modify macrophage

responses to

polarization for resolution of chronic inflammation via
exosome-shuttled let-7b. J Transl Med 2015; 13: 308.

LiX, LiuL, YangJ, YuY, Chai J, Wang L, et al. Exosome derived
from human umbilical cord mesenchymal stem cell mediates
MiR-181c attenuating burn-induced excessive inflammation.
EBioMedicine 2016; 8: 72-82.

Romagnoli C, Brandi ML. Adipose mesenchymal stem cells in
the field of bone tissue engineering. World | Stem Cells 2014; 6:
144-152.

Via AG, Frizziero A, Oliva E Biological properties of
mesenchymal stem cells from different sources. Muscles
Ligaments Tendons J 2012; 2: 154-162.

Trengove NJ, Stacey MC, MacAuley S, Bennett N, Gibson
J, Burslem F et al. Analysis of the acute and chronic wound
environments: the role of proteases and their inhibitors. Wound
Repair Regen 1999; 7: 442-452.

McCarty SM, Percival SL. Proteases and delayed wound
healing. Adv Wound Care (New Rochelle) 2013; 2: 438-447.
Koenen P, Spanholtz TA, Maegele M, Stiirmer E, Brockamp T,
Neugebauer E, et al. Acute and chronic wound fluids inversely
influence adipose-derived stem cell function: molecular insights
into impaired wound healing. Int Wound ] 2015; 12: 10-16.
Garg RK, Rennert RC, Duscher D, Sorkin M, Kosaraju R,
Auerbach LJ, et al. Capillary force seeding of hydrogels for
adipose-derived stem cell delivery in wounds. Stem Cells Transl
Med 2014; 3: 1079-1089.

Reckhenrich AK, Kirsch BM, Wahl EA, Schenck TL, Rezaeian
E Harder Y, et al. Surgical sutures filled with adipose-derived
stem cells promote wound healing. PLoS One 2014; 9: €91169.
Rustad KC, Wong VW, Sorkin M, Glotzbach JP, Major MR,
Rajadas ], et al. Enhancement of mesenchymal stem cell
angiogenic capacity and stemness by a biomimetic hydrogel
scaffold. Biomaterials 2012; 33: 80-90.

Wang ], Geesman GJ, Hostikka SL, Atallah M, Blackwell B,
Lee E, et al. Inhibition of activated pericentromeric SINE/
Alu repeat transcription in senescent human adult stem cells
reinstates self-renewal. Cell Cycle 2011; 10: 3016-3030.
Gruber HE, Somayaji S, Riley E Hoelscher GL, Norton HJ,
Ingram J, et al. Human adipose-derived mesenchymal stem
cells: serial passaging, doubling time and cell senescence.
Biotech Histochem 2012; 87: 303-311.

Yagi H, Kitagawa Y. The role of mesenchymal stem cells in
cancer development. Front Genet 2013; 4: 261.


https://pubmed.ncbi.nlm.nih.gov/15781243/
https://pubmed.ncbi.nlm.nih.gov/15781243/
https://pubmed.ncbi.nlm.nih.gov/15781243/
https://pubmed.ncbi.nlm.nih.gov/23876213/
https://pubmed.ncbi.nlm.nih.gov/23876213/
https://pubmed.ncbi.nlm.nih.gov/23876213/
https://pubmed.ncbi.nlm.nih.gov/23876213/
https://pubmed.ncbi.nlm.nih.gov/26255627/
https://pubmed.ncbi.nlm.nih.gov/26255627/
https://pubmed.ncbi.nlm.nih.gov/26255627/
https://pubmed.ncbi.nlm.nih.gov/26255627/
https://pubmed.ncbi.nlm.nih.gov/26255627/
https://pubmed.ncbi.nlm.nih.gov/20804749/
https://pubmed.ncbi.nlm.nih.gov/20804749/
https://pubmed.ncbi.nlm.nih.gov/20804749/
https://pubmed.ncbi.nlm.nih.gov/20804749/
https://pubmed.ncbi.nlm.nih.gov/21078360/
https://pubmed.ncbi.nlm.nih.gov/21078360/
https://pubmed.ncbi.nlm.nih.gov/21078360/
https://pubmed.ncbi.nlm.nih.gov/21078360/
https://pubmed.ncbi.nlm.nih.gov/21078360/
https://pubmed.ncbi.nlm.nih.gov/21381973/
https://pubmed.ncbi.nlm.nih.gov/21381973/
https://pubmed.ncbi.nlm.nih.gov/21381973/
https://pubmed.ncbi.nlm.nih.gov/21381973/
https://pubmed.ncbi.nlm.nih.gov/21381973/
https://pubmed.ncbi.nlm.nih.gov/30537490/
https://pubmed.ncbi.nlm.nih.gov/30537490/
https://pubmed.ncbi.nlm.nih.gov/30537490/
https://pubmed.ncbi.nlm.nih.gov/19135996/
https://pubmed.ncbi.nlm.nih.gov/19135996/
https://pubmed.ncbi.nlm.nih.gov/19135996/
https://pubmed.ncbi.nlm.nih.gov/19135996/
https://pubmed.ncbi.nlm.nih.gov/27413735/
https://pubmed.ncbi.nlm.nih.gov/27413735/
https://pubmed.ncbi.nlm.nih.gov/27413735/
https://pubmed.ncbi.nlm.nih.gov/32393338/
https://pubmed.ncbi.nlm.nih.gov/32393338/
https://pubmed.ncbi.nlm.nih.gov/32393338/
https://pubmed.ncbi.nlm.nih.gov/32393338/
https://pubmed.ncbi.nlm.nih.gov/29248680/
https://pubmed.ncbi.nlm.nih.gov/29248680/
https://pubmed.ncbi.nlm.nih.gov/29248680/
https://pubmed.ncbi.nlm.nih.gov/29248680/
https://pubmed.ncbi.nlm.nih.gov/33304765/
https://pubmed.ncbi.nlm.nih.gov/33304765/
https://pubmed.ncbi.nlm.nih.gov/33304765/
https://pubmed.ncbi.nlm.nih.gov/33304765/
https://pubmed.ncbi.nlm.nih.gov/33547566/
https://pubmed.ncbi.nlm.nih.gov/33547566/
https://pubmed.ncbi.nlm.nih.gov/33547566/
https://pubmed.ncbi.nlm.nih.gov/30352735/
https://pubmed.ncbi.nlm.nih.gov/30352735/
https://pubmed.ncbi.nlm.nih.gov/30352735/
https://pubmed.ncbi.nlm.nih.gov/30352735/
https://pubmed.ncbi.nlm.nih.gov/28186708/
https://pubmed.ncbi.nlm.nih.gov/28186708/
https://pubmed.ncbi.nlm.nih.gov/28186708/
https://pubmed.ncbi.nlm.nih.gov/28186708/
https://pubmed.ncbi.nlm.nih.gov/28186708/
https://pubmed.ncbi.nlm.nih.gov/28042333/
https://pubmed.ncbi.nlm.nih.gov/28042333/
https://pubmed.ncbi.nlm.nih.gov/28042333/
https://pubmed.ncbi.nlm.nih.gov/28042333/
https://pubmed.ncbi.nlm.nih.gov/28042333/
https://pubmed.ncbi.nlm.nih.gov/27862694/
https://pubmed.ncbi.nlm.nih.gov/27862694/
https://pubmed.ncbi.nlm.nih.gov/27862694/
https://pubmed.ncbi.nlm.nih.gov/27862694/
https://pubmed.ncbi.nlm.nih.gov/26386558/
https://pubmed.ncbi.nlm.nih.gov/26386558/
https://pubmed.ncbi.nlm.nih.gov/26386558/
https://pubmed.ncbi.nlm.nih.gov/26386558/
https://pubmed.ncbi.nlm.nih.gov/27428420/
https://pubmed.ncbi.nlm.nih.gov/27428420/
https://pubmed.ncbi.nlm.nih.gov/27428420/
https://pubmed.ncbi.nlm.nih.gov/27428420/
https://pubmed.ncbi.nlm.nih.gov/24772241/
https://pubmed.ncbi.nlm.nih.gov/24772241/
https://pubmed.ncbi.nlm.nih.gov/24772241/
https://pubmed.ncbi.nlm.nih.gov/23738292/
https://pubmed.ncbi.nlm.nih.gov/23738292/
https://pubmed.ncbi.nlm.nih.gov/23738292/
https://pubmed.ncbi.nlm.nih.gov/10633003/
https://pubmed.ncbi.nlm.nih.gov/10633003/
https://pubmed.ncbi.nlm.nih.gov/10633003/
https://pubmed.ncbi.nlm.nih.gov/10633003/
https://pubmed.ncbi.nlm.nih.gov/24688830/
https://pubmed.ncbi.nlm.nih.gov/24688830/
https://pubmed.ncbi.nlm.nih.gov/23490259/
https://pubmed.ncbi.nlm.nih.gov/23490259/
https://pubmed.ncbi.nlm.nih.gov/23490259/
https://pubmed.ncbi.nlm.nih.gov/23490259/
https://pubmed.ncbi.nlm.nih.gov/25038246/
https://pubmed.ncbi.nlm.nih.gov/25038246/
https://pubmed.ncbi.nlm.nih.gov/25038246/
https://pubmed.ncbi.nlm.nih.gov/25038246/
https://pubmed.ncbi.nlm.nih.gov/24625821/
https://pubmed.ncbi.nlm.nih.gov/24625821/
https://pubmed.ncbi.nlm.nih.gov/24625821/
https://pubmed.ncbi.nlm.nih.gov/21963148/
https://pubmed.ncbi.nlm.nih.gov/21963148/
https://pubmed.ncbi.nlm.nih.gov/21963148/
https://pubmed.ncbi.nlm.nih.gov/21963148/
https://pubmed.ncbi.nlm.nih.gov/21862875/
https://pubmed.ncbi.nlm.nih.gov/21862875/
https://pubmed.ncbi.nlm.nih.gov/21862875/
https://pubmed.ncbi.nlm.nih.gov/21862875/
https://pubmed.ncbi.nlm.nih.gov/24348516/
https://pubmed.ncbi.nlm.nih.gov/24348516/

