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Abstract

Chronic wounds, such as pressure, venous, or diabetic ulcers, fail to progress through the orderly wound healing process. Due to limitations in current treatments, stem cell therapy has been considered as an alternative therapeutic approach
to chronic wounds throughout the past decade. The use of adipose derived stem
cells (ASCs) has been both a promising and practical treatment because of their relatively non-invasive extraction, high proliferation rate, and ability to differentiate
into several mesodermal lineages. This mini-review provides a concise overview on
the role of ASCs in wound healing and studies that have examined the application
of ASCs in the treatment of chronic wounds.
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Introduction
A wound is an impairment of the normal anatomic structure and function of the skin that is restored through the orchestrated processes of wound healing[1]. Chronic wounds, such as pressure, venous, and diabetic foot ulcers fail to progress through the
steps of wound healing in a timely fashion and instead remain in an inflammatory state[2]. Chronic wounds can have a severe impact
on the quality of life of both the patients and their families. Patients can experience pain, loss of function and mobility, depression,
anxiety, social isolation, financial burden, amputation, or even death[3,4]. In Canada, 26% of the patients in all healthcare institutions
suffer from pressure ulcers[5]. Moreover, 0.8-1.3% of the general population and 2% of those older than 65 suffer from venous leg
ulcers[6]. A further8-10% of the population suffer from diabetes, from which 15-25% will develop foot ulcers[7,8]. Foot and leg ulcers
are the leading cause of amputations, resulting in 70% of non-traumatic lower extremity amputations[7,9].
High prevalence of chronic wounds poses a major economic burden for healthcare systems[10]. For instance, in Ontario Canada, the average cost of an amputation is $40 000 to $74 000 per person and the direct cost of home-care and treatment for leg ulcers
for one individual in a month is over $80,000 and $21,000, respectively[3,9]. Based on these data, patients pay an annual cost of $1.5
million for home care, without including physician costs[3]. To put this into perspective, in Canada only more than $100 million are
spent on chronic wounds annually. The prevalence of chronic wounds is strongly related to age and underlying chronic conditions
such as diabetes. Given the forecasted increase in both the average age of the population and prevalence of diabetes, the number of
individuals at high risk for developing chronic wounds is expected to increase substantially[6,11]. Thereby, increasing the economic
burden placed on the healthcare system.
Despite advancements in the understanding and prevention of chronic wounds, existing treatments for established wounds
have been deemed unsatisfactory[12,13]. Over the past two decades, the uses of autologous stem cells have gained popularity as an
alternative treatment. Unlike embryonic stem cells, autologous stem cells pose no ethical dilemmas and are also immunocompatible[14]. This mini-review will explore the application of stem cells, specifically adipose-derived stem cells (ASCs), in the treatment
of chronic wounds.
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Wound Healing
Wound healing involves spatially and temporally overlapping processes that encompass hemostasis, inflammation,
cellular proliferation, and remodelling[15,16]. Immediately after
injury, platelet aggregation occurs to prevent further blood loss.
The resulting clotis made of various cell types that release chemotactic and other factors. These factors stimulate an inflammatory response in the first few days following injury[17]. Macrophages and neutrophils then infiltrate the wound area and clear
debris. Another series of growth factors are released by macrophages that promote angiogenesis and stimulate the migration
of fibroblasts, epithelial cells, and vascular endothelial cells into
the wound[18]. This promotes tissue repair during the proliferative phase, once the inflammatory response subsides. The proliferative stage is characterized by the migration of several cell
types into the wound that promote re-epithelization, angiogenesis, and collagen synthesis[19]. Fibroblasts and endothelial cells
proliferate to form granulation tissue, extracellular matrix, and
secrete a host of growth factors[20,21]. In the final stage of wound
healing, remodelling of the extracellular matrix occurs. Collagen
is deposited in an organized network in a process that can take
years to finalize[19]. The final result is a matured scar with high
tensile strength and optimized blood vessels and cells.
Chronic wounds fail to progress through these steps in
a timely manner and remain in an inflammatory state[22]. This
chronic inflammation causes further injury to the wound, which
in turn results in greater inflammation. The resulting abnormal
abundance of inflammatory cytokines generates a protease dominant microenvironment that affects the functionality of cells in
the wound[23]. For instance, fibroblasts have been shown to exhibit lower migration capacity and response to growth factors in
chronic wounds. Further, these wounds have a significantly delayed healing rate[24]. Ultimately, chronic wounds do not produce
positive functional and anatomical outcomes[1].
Current Treatments
Currently, treatment is mainly aimed at reducing inflammation. It is centered on the use of surgical debridement,
antibiotics, dressings, offloading, and exogenous applications of
cytokines and growth factors[25,26]. The latter treatment, which
has the opportunity to heal chronic wounds, has been largely
unsuccessful clinically due to the protease microenvironment
and high cost[27,28]. For venous ulcers, treatments involves elevation of the legs and application of external compression[29].
Yet, a systemic review of treatments for chronic venous ulcers
identified a lack of high quality evidence supporting different
types of wound therapy[12]. A similar review for pressure ulcers
revealed that little evidence supported the usefulness of alternative treatments, such as specific supports surfaces, nutritional
supplementations, or efficacy of different dressings, in comparison to the standard care for chronic wounds[13].
In search for more effective treatments, researchers
have examined the potential use of mesenchymal stem cells. By
definition, stems cells have the ability to undergo self-renewal, differentiate into multiple lineages, and form terminally differentiated cells[30,31]. In order to be feasible for treatment, stem
cells must meet multiple requirements: be available in abundant
amounts of greater than a billion cells per individual, be harvested in minimally invasive procedures, differentiate into multiple
lineages; and lastly, be safely transplanted in an autologous or
www.ommegaonline.org
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allogeneic host[32]. Initially, research for alternative treatments
focused on the use of mesenchymal stem cellsderived from bone
marrow, referred to as bonemarrow mesenchymal stem cells
(BMSCs). BMSCswere examined for its high proliferation rate
and ability to differentiate into several mesodermal lineages[33,34].
Thus far, it has been used successfully to treat different types
of wounds[35-37]. However, the invasive and difficult procedure
forextraction of BMSCs has limitedits widespread clinical application. Not only is the extraction costly and highly invasive,
but BMSCs alsohave a low incidence of about 1 per 105 cells in
bone marrow[38]. The amount extracted can also vary per person
due to effects of age, gender, or exposure to chemo/radiation
therapy[39-42].
Adult stem cells derived from adipose tissue are multipotent and have been studied as an attractive alternative to BMSCs. As adipose tissue is derived from mesenchyme, ASCs can
differentiate into several mesenchymal lineages, such as, bone,
adipose, muscle, cartilage, and also non-mesenchymal endothelial and neurogenic pathways[43-47]. It boasts higher incidence in
tissue, ease of extraction, tissue abundance, and consequently,
lower cost[48-50]. ASCs also proliferate at a faster rate and can be
continuously cultured in vitro without a decrease in proliferation
rate[38,51]. ASCs have also been shown to produce different results
in full thickness wounds[52]. For instance, it has been demonstrated that ASCs promoter greater formation of granulation tissue
than BMSCs. Given these advantages over BMSCs, research is
currently focusing on the use of ASCs in wound healing.
Adipose-derived stem cells (ASCs)
The isolation of ASCs that was first described by Rodbelland Jones[53-55] in the1960’shas largely remained the same today[32]. Fat tissue harvested from fat pads of rodentswere minced
and digested in collagenase and centrifuged. The free-floating fat
cells in the supernatant were removed and the stromal vascular
fraction (SVF) that remained formed a pellet.SVF isolated from
this procedure was first identified to contain mast cells, macrophages, connective tissue cells, and intact blood vessels[53]. It
was later confirmed that SVF contains a heterogeneous population of multipotent stem cells, which includes ASCs and hematopoietic stem and progenitor cells, as well as endothelial cells,
pre adipocytes, and pericytes[53]. The procedure to isolate SVF
and consequently, ASCs, was then successfully applied to humans[57]. Liposuction of adipose tissue was found to be the most
effective way to harvest ASCs, as it produced a greater number
of viable cells when compared against surgical resection[58].
There has been an increasing trend in directly using
SVFto treat wounds, instead of isolating for ASCs[59]. The ratios of cell types within SVF have been shown to be ideal for
supporting capillary formation[59]. There has been, however,
little consensus on the cell surface markers, including clusters
of differentiation (CD), of cells within SVF, including ASCs[60].
Though combinations of positive and negative markers are proposed to discriminate ASCs from other cell types, as shown in
table 1. CD34 expression, which is shared by endothelial and
hematopoietic stem and progenitor cells, has been identified as
a marker for ASCs[61,62]. Absence of CD31 and CD45are used to
exclude endothelial and hematopoietic cell populations, respectively[63]. As such, the combination of CD31-/CD45-/CD34+ has
been used to identify ASC populations in SVF[63,64]. However,
there have been discrepancies in the reported percentage of
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Table 1: Cell surface markers for adipose-derived stem cells (ASCs) and mesenchymal stem cells
Authors

ASC Markers

MSC Markers

Trakutec et al.

CD10+, CD13+, CD31-, CD34+, CD45-, CD90+, CD144-,

Maumus et al.[69]

CD10+, CD13+, CD14-, CD18-, CD41-, CD49e+, CD55+, CD73+, CD10+, CD13+, CD49e+, CD55+, CD73+,
CD90+, CD166+
CD90+, CD166+

[65]

Pachón-Peña
al.[62]

-

et CD29+, CD34+ (>30%), CD36+ (>30%), CD44+,CD49f-, CD90+, CD29+, CD34-, CD36-, CD44+, CD49f+,
CD105+, CD106-, CD166+
CD90+, CD105+, CD106+, CD166+

Bourin et al.[64]

CD10+, CD13+,CD29+, CD31-, CD34+ (unstable), CD45-, CD49+,
CD73+, CD90+, CD105+, CD234a-,

-

Bianchi et al.[66]

CD29+, CD34-, CD90+

-

Positivity (+) is defined as greater than > 80%. Negativity (-) is defined as less than 10%

CD34+expressing cells[63,65]. It has been shown that expression
of CD34 in ASCs is transient and decreases markedly with culture and cell expansion[66,67]. Further, method of adipose tissue
harvest, digestion, isolation, and the culture medium used have
an effect on CD34 expression[62]. Hence, it is maintained that
positive expression of CD34 can represent ASC populations.
This identification can also be used to differentiate ASCs from
BMSCs, as BMSCs fail to express CD34[60]. Further, ASCs have
been found to have similar cell surface markers and gene expression as mesenchymal stem cells (MSCs)[68,65]. Thereby, several alternative markers have been suggested, in addition to the
ones listed, in order to better identify ASC populations.These
include positive expression for the MSCs markersCD10, CD13,
CD49e, CD55, CD73, CD90, and CD166. Negative expressions
for hematopoietic markers CD14, CD18, and CD41 can also be
considered for characterization[68].
The exact mechanisms by which ASCs function within
a wound are yet to be fully understood, however, it is widely
agreed that ASCs release cytokines and growth factors that promote wound healing[69]. Studies have examined and compared
the microenvironments of acute and chronic wounds in order
to better understand how they affect ASCs.Acute wound fluid
(AWF) is a rich source of cytokines and growth factors that has
been shown to stimulate the growth and proliferation of dermal fibroblasts, endothelial cells, and ASCs in vitro, thereby,
positively improving the wound healing outcome[70,71]. In contrast, chronic wound fluid (CWF) has been shown to impair the
proliferation and migration rate of ASCs[72]. The inverse effect
of AWF and CWF on cell function has been attributed to the
protease microenvironment of chronic wounds.The abundance
of inflammatory cytokines results in elevated levels of matrix
metalloproteinases (MMPs) through processes that both stimulate their production and inhibit their degradation[73,74]. As such,
the concentration of MMPs in CWF have been shown to reflect
the severity of a chronic ulcer[75]. MMPs are also found in AWF
and are required for normal wound healing[76]. It regulates various aspects of inflammation, re-epithelialization, and degradation of the extracellular matrix for remodelling during wound
healing[76]. Though, when MMP’s are present in large concentrations, as they are in CWF, their effect on wound healing becomes
detrimental[77]. Therefore, the microenvironments found in AWF
and CWF are largely responsible for the differences in wound
healing and can significantly affect the efficacy of ASCs in the
wound.

of treating pressure or venous ulcers, mainly due to the lack of
appropriate animal models[78]. In response, a model of pressure
ulcers in rodents was created by Stadler et al[79] by compressing
the dorsal skin between two magnets. The magnets mimic ischemia-reperfusion cycles by compressing the skin for three cycles
of 12 hours, with each cycle followed by 12 hours of rest. A recent study by Strong et al[80] applied this model of pressure ulcers
in mice and examined the effect of injected allogeneic ASCs in
wound healing. Histomorphological analysis showed that ASC
treated mice had enhanced wound healing outcomes due to reduced epidermal hypertrophy and increased thickness of dermis,
subcutaneous, and muscle layers. Given the promising result,
more research must go into examining ASCs as treatment for
these types of chronic wounds.
ASCs and diabetic chronic wounds
Diabetes poses a complex challenge to wound healing
as over 100 physiological factors contribute to the impairment
of wound healing processing individuals with diabetes[81]. These
include a reduction or impairment in growth factor production,
collagen accumulation, angiogenic responses, quantity of granulation tissue, and keratinocyte and fibroblast proliferation and
migration. Numerous studies have examined the application of
ASCs within full thickness diabetic wound models and have investigated how ASCs improvewound healing outcomes. Studies
have found that diabetic wounds treated witha local injection
of allogeneic ASCs from a non-diabetic donor had improved
wound healing outcomes, similar to that of untreated non-diabetic wounds[82,83]. Both of which, had significantly faster wound
healing rates than untreated diabetic wounds. It was suggested
that ASCs might be enhancing the wound healing rate by means
other than angiogenesis or accumulation of collagen fibers, since
no significant difference in volume density of collagen fibers or
length and volume densityof vessels between the ASC treatment
groups and control were found[82]. However, the results of many
other studies suggest otherwise and support the notion that ASCs
release growth factors that enhance angiogenesis. For instance,
Nie et al[83] demonstrated in vitro that ASC treated wounds had
higher expression of vascular endothelial growth factor (VEGF),
hepatocyte growth factor (HGF), and fibroblast growth factor
2 (FGF2) than controls, therefore, promoting angiogenesis, cell
proliferation and migration[84-86]. In vivo analysis by the same
group supported these results and found that a local injection of
autologous ASCs significantly increased epithelialization, blood
vessel density, granulation tissue, and reduced wound closure
time in full thickness wounds in both diabetic and non-diabetic
rat models when compared against controls[83]. A study by Zo-

ASCs, pressure and venous ulcers
To date, very few studies have used ASCs in the context
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grafou et al[87] examined the use of autologous ASCs with full
thickness skin grafts in a diabetic rat model. ASCs enhanced skin
graft survivaland resulted in greater collagen density, expression
of transforming growth factor β (TGF- β), and VEGF, which
promoted greater cell proliferation and angiogenesis. Thus, the
results of these studies demonstrate the capability of ASCs to
release growth factors thatsignificantly improve the wound healing outcome of diabetic wounds, thereby, supporting their use
for treatment.
Given the numerous physiological factors that impair
wound healing in individuals with diabetes, researchers have
examined whether ASCs that are obtained from diabetic donors improve wound healing to the same degree as ASCs from
non-diabetic donors. Using a diabetic mouse model, Cianfarani et al[88] compared the efficacy of autologous and allogeneic
ASCs from diabetic and non-diabetic donors, respectively.
They demonstrated that diabetic wounds treated with allogeneic
non-diabetic ASCs had significantly improved wound healing
outcomes when compared to diabetic wounds treated with autologous diabetic ASCs or untreated wounds. Histological and
computer assisted morphometric analysis showed that non-diabetic ASCs resulted in significantly higher granulation tissue
extension, collagen deposition, and vessel density in diabetic
wounds than diabetic ASCs[88]. Further, in vitro analysis demonstrated that ASCs from non-diabetic donors had greater proliferation, and significantly higher concentrations of VEGF-A, HGF,
and insulin growth factor – 1 (IGF-1) than ASCs obtained from
diabetic donors. Within the same study, it was also found that the
source of ASCs affected other cells within media. Boyden chamber assays revealed that keratinocytes and fibroblasts cultured in
medium conditioned with non-diabetic ASCs had improved migration and proliferation ability, with respect to cells cultured in
diabetic ASCs cell-conditioned media. Hence, allogeneic ASCs
from non-diabetic donors have improved function and greater
wound healing outcomes than ASCs from diabetic donors. As
such, this study demonstrates the potential for allogeneic ASC
based therapy.
Application of ASCs using three-dimensional scaffolds
Cell sheets have been examined as an alternative way
to use ASCs in full thickness wounds other than local injections.
It has been demonstrated that ASCs which are applied to the
wound in the form of cell sheets have improved wound healing
outcomes[89,90]. The cell sheets are created by culturing the cell
for an extended period of time, which creates a sheet-like tissue
that can be used for tissue reconstruction[91]. In particular, thicker
triple layered ASC sheets have shown to result in greater collagen density than single layered sheets. Another study compared
two different methods of producing cell sheets and found that
triple layered ASCs obtained from thermoresponsive surfaces
promoted a thicker epidermal surface than cell sheets obtained
from standard cell culture surfaces[92]. Despite the improvement
in wound healing as a result of thicker cell sheets, no significant
differences in angiogenesis were found between the triple and
single layered cell sheets from either method of production[89-92].
Several studies have also examined seeding ASCs with
skin substitutes to improve its clinical use. Skin substitutes are
epidermal, dermal, or bilayered bioengineered three-dimensional matrixes with variable cellular content and structure. It
serves as a backbone for cell infiltration into the wound bed that
www.ommegaonline.org
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is followed by neovascularization and tissue regeneration[93,94].
Hence, it promotes wound repair by enhancing the migration of
cells, such as, fibroblasts, keratinocytes, and endothelial, cells
into the wound. However, one limiting factor of scaffolds and
other types of skin substitutes have been its low regenerative
factor, which is mainly a result of the poor vascularization capacity of these scaffolds[93]. This results in a reduction inoxygen,
nutrients, and immune cells that reach the wound. Consequently, attention has turned to seeding skin substitutes with ASCs
to improve vascularization and promote angiogenesis within
the wound.A study by Kato et al[95] examined the combination
of artificial skin and allogeneic ASC cell sheets to treat a full
thickness wound in a diabetic rat model. The combination of
a skin substitute with ASC sheets increased vessel density and
reduced wound area and closure time in comparison to artificial skin or ASC treatment alone[88] Jiang et al[96] found that the
combination of collagen scaffolds and autologous ASC sheets
resulted in higher vascularization and expression of VEGF and
basic fibroblast growth factor (bFGF), when compared to ASC
sheets alone or topically applied ASCs. Thus, the combination
of three-dimensional scaffolds with ASC cell sheets significantly
promotes wound healing by reducing wound closure rate and by
enhancing angiogenesis, cell migration and proliferation.
Other studies have examined seeding scaffolds with
ASCs[97,98]. It was demonstrated that acellular dermal matrices
(ADMs) seeded with human ASCs significantly increased the
amount of blood vessels and reduced wound closure rate in nude
mice when compared against controls[99]. Though no difference
in granulation tissue was found as a result of the ADM-ASC
groups. Results from another study have also shown that seeding two different types of extracellular matrix scaffolds, small
intestinal submucosa or ADM, with ASCs resulted in greater
microvessel density, proliferation rate, and wound healing rate
than ASC seeded composite scaffolds[100]. As a conclusion, the
combination of skin substitutes and ASCs have extensively improved the wound healing outcomes in vivo and should be considered for clinical treatment in comparison to topical administration or injection of ASCs into the wound site.
Application of ASCs in clinical trials
The promising use of ASCs as a treatment for wounds
has also been investigated in clinical trials, though not extensively. The use of ASCs have been successful in the treatment
of other wound types, such as chronic radiation ulcers or non-revascularizable critical limb Ischemia[101,102]. Few studies, however, have examined the clinical use of ASCs in chronic wounds.
In one study of venous ulcers, Salemi et al[101] found that applying autologous ASCs in a platelet rich plasma to the wound
improved its healing outcome in an individual with lower leg
ulcers. Another study by Marino et al[103] treated the chronic ulcers of ten diabeticpatients with peripheral arterial disease with a
local intradermal injection of allogeneic ASCs from non-diabetic donors. The chronic ulcers of six out of the treated 10 patients
healed successfully. Given the results of these studies, ASCs has
demonstrated high potential in the treatment of chronic wounds
and it’s clinical use must be investigated further. A summary
of studies on the application of ASCs for treatment of chronic
wounds in experimental models and clinical trials are provided
in Table 2.
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Table 2: Summary of investigation on the application of ASCs in treatment of chronic wounds
Author

Chronic Wound Subject
Model
Group

ASC Application

Healing Outcome

Diabetic ulcer

Mouse

ASC seeded
sheets

cell ASCs cell sheets from thermoresponsive surfaces promoted a thicker
epidemeral surface vs. cell sheets from standard cell culture surfaces

Cianfarani et al.[90] Diabetic ulcer

Mouse

Injected ASCs

Diabetic mice treated with non-diabetic allogeneic ASC had increased granulation tissue extension, collagen deposition, and vessel
density

Huang et al.[99]

Diabetic ulcer

Nude
Mouse

ASC- ADM increased angiogenesis and wound closure rate but did
ASC seeded acellunot increase granulation tissue vs. acellular dermal matrix or ASC
lar dermal matrix
treatment alone.

Jiang et al.[98]

Diabetic ulcer

Pig

Combination of scaffold and ASC cell sheets increased vascularizaCollagen
scaffold
tion and expression of VEGF and bFGF vs. cell sheets alone or topwith ASC cell sheets
ically applied ASCs

Kato et al.[97]

Diabetic ulcer

Rat

Artificial skin with Combination of the two treatments increased vessel density and
ASC seeded cell wound closure rate vs. artificial skin or ASC cell sheet treatment
sheets
alone

Kim et al.[84]

Diabetic ulcer

Nude
Mouse

Injected ASCs

Lin et al.[91]

Diabetic ulcer

Nude
Mouse

ASC seeded
sheets

Cerqueira et al.[94]

Diabetic wounds treated with non-diabetic allogeneic ASCs healed
similarly to untreated non-diabetic wounds
cell

Triple- layered ASC seeded cell sheets increased wound healing rate
vs. single layer sheets; no difference in vessel density or gene expression between two groups

Liu et al.

Diabetic ulcer

Mouse

ASC seeded small
ASCs seeded scaffolds increased microvessel density, proliferation
intestinal submucorate, and wound closure rate vs. collagen scaffold; no difference
sa scaffold vs. accelfound between the two types of scaffolds examined
lular dermal matrix

Maharlooei et
al.[83]

Diabetic ulcer

Rat

Injected ASCs

Marino et al.[103]

Lower leg chron- Clinical
Injected ASCs
ic ulcer
trial

McLaughlin et
al.[92]

Diabetic ulcer

Nude
Mouse

ASC seeded
sheets

cell Triple- layered ASC seeded cell sheets increased wound healing vs.
single layered sheets

Nie et al.

Diabetic ulcer

Rat

Injected ASCs

Increased epithelialization, blood vessel density, granulation tissue
and accelerated wound closure rate. Higher expression of VEGF,
HGF, and FGF2 in vitro

Salemi et al.[103]

Lower leg chron- Clinical ASCs mixed with
Improved wound healing outcome
ic skin ulcer
trial
platelet rich plasma

Strong et al.[81]

Pressure ulcer

Mouse

Injected ASCs

Increased thickness of dermis, subcutaneous, and muscle layers; reduced thickness of epidermal hypertrophy

Zografou et al.[89]

Diabetic ulcer

Rat

Injected ASCs

Increased collagen density and expression of TGF- β and VEGF

[100]

Reduced wound closure rate; no evidence of angiogenesis
Wounds of six of ten patients healed successfully

Conclusion
Several studies have shown the potential of ASCs in treating chronic wounds in both in vivo and in vitro studies. The ability
to promote epithelization, angiogenesis, cell migration and proliferation, and secrete growth factors have been noted in the majority
of these studies. Further, seeding skin substitutes with ASCs have been shown to result in greater healing than directly injecting or
applying cell sheets to the wound. As all studies have resulted in improved healing in ASC treated wounds, the use of ASCs to treat
chronic wounds has been promising and clinical treatment must be investigated further.
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