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Abstract

This is the first study demonstrating the efficacy of menstrual blood-derived stem cell (MenSC) transplantation via
decellularized human amniotic membrane (DAM), for the promotion of skin excisional wound repair. The DAM was
seeded with MenSCs at the density of 3 x 10* cells/cm? and implanted onto a rat’s 1.50 x 1.50 cm® full-thickness
excisional wound defect. The results of wound closure and histopathological examinations demonstrated that the MenSC-
seeded DAM could significantly improve the wound healing compared with DAM-treatment. All in all, our data indicated
that the MenSCs can be a potential source for cell-based therapies to regenerate skin injuries.
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1 Introduction

The coverage of large skin defects remains a major chal-
lenge when the defect area exceeds a critical size [1, 2]. A
varieties of skin grafting methods have been exploited
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successfully. Despite showing clinical benefits, skin grafts
have many drawbacks such as limited harvestable tissue,
donor site morbidity, and risk of disease transmission in
case of allogenic skin grafts [3]. These drawbacks have
driven efforts to search for alternative structures to serve as
skin substitutes. Skin tissue engineering is a therapeutic
approach in regenerative medicine that offers new solu-
tions for patients suffering from skin tissue loss [4]. This
technology is based on synergistic combination of
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scaffolds, cells, and growth factors to induce de novo skin
formation [5]. Among various scaffold materials we used
Decellularized human Amniotic Membrane (DAM)
because it can facilitate the fibroblasts recruitment and
vessel invasion for subsequent skin tissue remodeling
[6, 7]. It consists of several extracellular matrix (ECM)
components and growth factors such as laminin, fibro-
nectin, different types of collagen, elastin, hyaluronic acid,
nerve growth factor (NGF), keratinocyte growth factor
(KGF), epidermal growth factor (EGF), basic fibroblast
growth factor (bFGF), and transforming growth factor-f3
(TGF-B) [8-11]. These components help the DAM to
mimic the stem cell niche and be an ideal carrier for stem
cell transplantation [12, 13]. Stem cells possess several
therapeutic potentials to regenerate the damaged skin, lar-
gely through their trophic and paracrine activities [14].
Among candidate cell populations, menstrual blood-
derived stem cells (MenSCs) have gained new attention for
clinical applications [15, 16]. They are highly proliferative
and easily accessible stem cells without any surgical
intervention [17, 18]. MenSCs not only have a high dif-
ferentiation potential but also can be expanded in clinically
sufficient numbers and a relatively short time without
compromising their healing potential or developing genetic
abnormalities [19-21]. Based on these well-established
principals, we were encouraged to investigate the healing
potential of MenSC-seeded DAM (MenSCs-DAM) on full-
thickness skin defect of rats. We investigated the level of
wound healing using the assessment methods of wound
closure analysis and histopathological examinations.

2 Materials and methods
2.1 Preparation of MenSCs-DAM

MenSCs were isolated and characterized as described
previously [22]. Briefly, the menstrual blood was harvested
from four healthy donors aged 25-35 years during the first
2 days of menstruation at Avicenna infertility clinic
(Tehran, Iran). The MenSCs were isolated by Ficoll-Hy-
paque (GE-Healthcare, Uppsala, Sweden) density gradient
centrifugation and after rinsing with phosphate-buffered
saline (PBS; Cat. No. P4417, Sigma-Aldrich, St. Louis,
USA), were cultivated in Dulbecco’s modified Eagle’s
medium/nutrient mixture F-12 (DMEM/F12; Cat. No.
32500-035, Gibco, Grand Island, USA) supplemented with
10% (v/v) fetal bovine serum (FBS; Cat. No. 10270, Gibco,
Grand Island, USA), 100 unit/mL of penicillin (Cat. No.
P3032, Sigma-Aldrich, St. Louis, USA), 100 pg/mL of
streptomycin (Cat. No. S9137, Sigma-Aldrich, St. Louis,
USA) and 0.25 pg/mL of Amphotericin B (Cat. No.
A2942, Sigma-Aldrich, St. Louis, USA). After 2 days of
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incubation in a humidified incubator at 37 °C with 5%
CO,, the non-adherent cells were discarded and the
adherent cells (~ 70% confluence) were passaged. The
DAM was purchased from Sabz Biomedical Company
(Tehran, Iran) and seeded with third-passages MenSCs at
the density of 3 x 10 cells/cm® and remained in the same
culture medium for 48 h.

2.2 Wound healing model

Animal experiments were approved by the ethics com-
mittee of Shahroud University of Medical Sciences and
were performed in accordance with the university’s
guidelines. A full-thickness excisional skin wound model
was used to investigate the effects of prepared membranes
on wound healing. Twelve healthy adult male Wistar rats
(3 months old, weighing 250-270 g) were purchased from
Pasteur Institute (Tehran, Iran). The animals were anes-
thetized by intraperitoneal injection of 70 mg Ketamine
and 6 mg Xylazine (both from Alfasan Co., Woerden,
Netherlands) per kg of body weight. The back of each rat
was shaved and after disinfection with povidone-iodine
(Partkimia pharmaceutical Co., Gorgan, Iran), was excised
(1.50 x 1.50 cm?) using a scalpel blade. The animals were
divided into two groups (6 rats per group) and the wounds
were treated with DAM and MenSCs-DAM.

2.3 Wound healing analysis

For wound closure study, overall appearance of the wound
area was photographed by a digital camera (Canon Inc.,
Tokyo, Japan) at 3, 7 and 14 days after surgical procedure
and the level of wound closure was measured using an
image analyzing software (Digimizer, Ostend, Belgium)
with the following equation [23].

Wound Closure (%) = <1 - OP °n wound area) x 100
Initial wound area
After 14 days of surgery, the animals were euthanized
under anesthesia and the wounded skin tissue was excised
for histopathological examinations. The skin specimens
were fixed in 10% buffered formalin and after processing
and embedding in paraffin, were cut into 5 pm sections and
stained with hematoxylin—eosin (H&E) stain kit (ScyTek
Laboratories Inc., Logan, USA) and Masson’s trichrome
(MT) stain kit (Cat. No. HT15, Sigma-Aldrich, St. Louis,
USA). The prepared tissue slides were imaged under a light
microscope (Carl Zeiss, Thornwood, USA) with a digital
camera (Olympus, Tokyo, Japan). Epithelialization was
evaluated semi-quantitatively on a 5-point scale: O (without
new epithelialization), 1 (25%), 2 (50%), 3 (75%), and 4
(100%). Samples were also semi-qualitatively analyzed
with regard to angiogenesis according to the number of
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new vessels within the scar tissue using a 5-point scale as
follows: O (none), 1 (few), 2 (moderate), 3 (many) or 4
(considerable). For these parameters, results were validated
by comparative analysis of one independent observer
blinded to the treatment groups.

2.4 Statistical analysis

The results were statistically analyzed by Minitab 17
software using Student’s ¢ test and the data were expressed
as the mean =+ standard deviation (SD). In all evaluations,
P < 0.05 was considered as the statistically significant.

3 Results

Figure la illustrates the macroscopic appearances of the
skin wounds treated with DAM and MenSCs-DAM. At the
end of 3th post-wounding day, most wounds in both groups
were covered by scab but at the end of 7th day, some of the
DAM-treated wounds were observed to be still fresh. The
MenSCs-DAM-treated wounds had the best cosmetic
appearance after 14 days. In order to quantify the wound
size reduction, the wound closure was measured from the
corresponding images (Fig. 1b). The DAM-treated group
had the wound closure of 15.74 4+ 6.63%, 88.29 + 2.96%
and 90.91 £ 1.80% at 3, 7 and 14 days post-wounding,
respectively. These values for the MenSCs-DAM treated
group were 6243 £ 14.62%, 94.40 &+ 1.29% and
97.49 + 0.78% after 3, 7 and 14 days, respectively which
were significantly (P < 0.05) higher than those of the
DAM-treated group after 3 and 14 days. The H&E
histopathological examination of both treated groups
(Fig. 2a) revealed a well-recovered epidermal layer with
higher thickness in MenSCs-DAM group compared with
the DAM group, indicating its higher repairing activity.
However, the epidermal papillae could not be observed in
any of the two groups. To further investigate the effect of
treatments on the wound healing, the samples were stained
with MT staining. The MT stained sections (Fig. 2b)
exhibited loosely packed collagen fibers with irregular
arrangement at the edge of both treated groups. The
MenSCs-DAM group had higher collagen fiber synthesis,
maturation and arrangement. The results obtained from the
histomorphometric analysis (Fig. 2c) revealed that the
MenSCs-DAM group had higher angiogenesis and epithe-
lization scores compared with the DAM group, although
the results were not statistically significant.

4 Discussion

Mesenchymal stem cells (MSCs) possess self-renewal and
multi-lineage differentiation potential, and their ability to
promote skin wound healing has been well documented in
previous studies [24-26]. Acting via their strong paracrine
secretions, MSCs accelerate the wound healing, promote
angiogenesis, modulate inflammatory responses and
encourage restoration of skin tissue following damages
[27-29]. MenSCs are a group of MSCs which show a high
rate of cell proliferation and differentiation potential [22].
Additionally, MenSCs express a relatively lower rate of
major histocompatibility complex class II and co-stimula-
tory molecules on their surface which reduce the risk of
immune rejection [16, 30]. Direct stem cell injection into
the wound bed or systemic administration have been
investigated in some studies as potential routes of stem cell
transplantation into the wounded animal [24, 31, 32].
However, stem cell survival and retention in the harsh
environment of fresh wound and entrapment in the lung or
other organs in case of systemic injection, can compromise
the efficacy of stem cell-based therapies in wound healing
[33-35]. To avoid these possibilities, we exploited DAM as
a platform to implant stem cells into the damaged skin.
Taking together, our data showed that the best results for
regeneration was obtained in MenSCs-DAM group. This
may be due to the following reasons. First, MenSCs exert
their therapeutic effects through the constant secretion of
paracrine factors and matrix proteins that can aid the
wound healing. Miranda et al. reported that there was a
significant amount of angiogenic factors which have ther-
apeutic benefits in wound healing including vascular
endothelial growth factor (VEGF) and bFGF in the con-
ditioned media of MenSCs [17, 36]. Wang et al. reported
that bFGF can positively regulate the migration ability of
fibroblasts via the activation of wnt/f cantenin signaling
pathway [37]. This can increase the recruitment of
fibroblasts from surrounding tissues and subsequently
enhance the wound closure [38]. Second, as we previously
reported, MenSCs can differentiate into epidermal/ker-
atinocyte lineage when they were co-cultured with fore-
skin-derived keratinocytes. Dermal cells developed from
MenSCs may replace the lost cells in the wounded skin
tissue [39]. Finally, the immunomodulatory properties of
MenSCs may support their favorable effect on the wound
healing response [40, 41]. Although, their ability to mod-
ulate the inflammatory responses in the wounds yet to be
studied.
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Fig. 1 a Macroscopic appearances of the skin wounds treated with
DAM and MenSCs-DAM 3, 7, and 14 days post-wounding. b His-
togram comparing the wound closure of MenSCs-DAM and DAM

Fig. 2 a Histopathological
examination of the
hematoxylin—eosin stained
wounds at the end of 14th post-
wounding day compared with
the normal skin.

b Histopathological
examination of the Masson’s
trichrome stained wounds at the
end of 14th post-wounding day
compared with the normal skin.
¢ Histogram comparing the
level of epithelialization and
angiogenesis at the end of 14th
post-wounding day. Dotted lines
indicate the border between
epidermis and dermis; D:
defect, star: epithelialization,
arrow: angiogenesis, and
bracket: thickness of the
collagen
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5 Conclusion

Taken together, the evidences presented in this study
indicate that the transplantation of MenSCs via DAM can
promote the wound healing. However, long term side
effects of MenSCs transplantation should be addressed in
future studies. Our data demonstrate that the MenSCs can
be a potential candidate for cell therapy to enhance the
wound healing.
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