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Abstract: The study elucidated the wound healing and hair regeneration properties of a conditioned
medium prepared from the culture of human hair follicle mesenchymal stem cells (HFMSCs).
The wound-healing effects of mesenchymal stem cell-conditioned medium (MSC-CM) were tested
in vitro using scratch assays co-cultured with HaCaT keratinocyte and monitored through optical
microscopy. The cell proliferation of HFMSCs and the HaCaT keratinocyte were observed in the
presence of different kinds of drugs including UK5099, sodium L-lactate, lactate dehydrogenase-A,
MSC-CM, caffeine, and caffeic acid. The hair regeneration properties were investigated in vivo by
administrating the MSC-CM solutions to adult B6 mouse models. For quantification, hematoxylin
and eosin staining were performed following euthanasia. In vitro results revealed that MSC-CM
promotes dermal cell migrations and enhances proliferation of HFMSCs and HaCaT keratinocytes,
demonstrating wound-healing properties. Moreover, when the MSC-CM solutions were applied to
the shaved mouse skin, a dark area that expanded overtime was seen. Although no hair growth was
found, histological analysis proved that a fat layer thickness increment was found under the mouse’s
skin, ultimately projecting the formation of new hair growth. MSC-CM promotes the migration and
proliferation of dermal keratinocytes that are beneficial for wound healing and hair growth. It is
believed that MSC-CM can potentially serve as the basis of alternative therapeutic applications for
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wound closure and skin regeneration as well as hair growth stimulation and hair loss prevention
in alopecia.

Keywords: hair follicle; hair regeneration; mesenchymal stem cells; wound healing

1. Introduction

Skin injuries are the most commonly found injury caused by blisters, burns, cuts, and ulcers
of various severities [1]. If left untreated, any skin injury can interfere with its protective function
and cause body tissues to be easily exposed to mechanical damages and microbial infections [2].
Other problems that may accompany wound healing are excessive healing, delayed wound healing, or
lack of skin appendages [1]. Recently, the increasing demand for quality improvement of damaged skin
has led to the shifting focus of wound repair to the restoration of anatomy and function of the skin [3].
Thus, identifying an effective approach to enhance the wound healing process is indispensable [1-4].

Traditionally, the main purpose of wound care is to obtain wound closure at the earliest time [1].
Nowadays, the use of stem cell-based regenerative therapy to renew physiological tissue and promote
the regeneration of various types of wounds is increasingly popular [2,5]. Mesenchymal stem cells
(MSCs) have been reported to have therapeutic potential after skin injury and extensive proliferation
and differentiation capacity that have the ability to suppress the stimulation of immune cells and
participate in tissue repair and regeneration [5-8]. MSC releases a combination of growth factors and
cytokines, so-called secretome, which can be applied to the wound through a conditioned medium
(CM) [5,9,10]. The cytokines and growth factors play a crucial role in activating and stimulating
fibroblast proliferation during the wound healing process [11]. Previous studies have reported positive
results of wound healing and skin repair by utilizing CM from cultured MSCs (MSC-CM) derived
from different sources such as bone marrow mesenchymal stem cell (BM-MSC) [9,12,13], adipose stem
cell [14-16], Wharton’s jelly-derived MSC [17], and human umbilical MSC [1]. Furthermore, numerous
studies have proven that several kinds of drugs can be potentially used to promote cell growth and
proliferation that is beneficial for wound healing and hair regeneration including UK5099 [18], sodium
L-lactate (SLL) [19], lactate dehydrogenase-A (LDHA) [18], caffeine [20,21], and caffeic acid (CFA) [22].

Related to MSC-CM, not only can it be used in the repair of skin defects or wounds, but it can
also enhance hair regrowth through differentiation or release of growth factors [23,24]. A study by
Yoon et al. [25] revealed surprising hair growth at the wound site following wound healing after
MSC-CM was injected subcutaneously around a full-thickness wound in mice. To date, available
data regarding the use of MSC-CM for hair follicle regeneration as well as wound healing are still
limited, especially when using human hair follicle mesenchymal stem cells (HFMSCs) as the main
source. Even though HFMSCs have been shown to have potential in hair regrowth, further studies
are required to identify culture conditions that trigger the hair stimulating factors that warrant this
application. Thus, to elucidate the regenerative potential of MSC-CM, we investigated CM from the
supernatant of cultured HFMSCs and evaluated their effects on wound closure and hair regeneration.

2. Materials and Methods

2.1. Isolation of HFMSCs

To acquire HFMSCs, donor hair follicles were uniformly obtained from the adult occipital scalp
by the ARTAS® robotic system (San Jose, CA, USA). Isolation techniques were designed according
to the previously established protocol with some modifications. First, the biopsy sample of hair
follicles was thoroughly rinsed with phosphate-buffered saline (PBS; Sigma, Taipei, Taiwan) containing
penicillin/streptomycin (P/S), then the excess adipose tissues were removed. After that, the samples
were treated with trypsin/ethylenediaminetetraacetic acid (EDTA; Sigma, Taipei, Taiwan) at 37 °C
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for 30 min, and then digested with dispase at 4 °C for over 16 h. After the digestion procedure, the
hair and scalp portions were separated from the hair follicles using fine forceps, then filtered through
a 70 pm cell strainer, and washed extensively with PBS. Prior to the proliferation assay, the cells
were cultured in stromal medium (Dulbecco’s Modified Eagle Medium and Ham’s F-12 medium
(DMEM-F12; Gibco, Taipei, Taiwan)) and 10% fetal bovine serum (FBS; Gibco, Taipei, Taiwan) for seven
days. After seven days, cells from individual wells were harvested by 0.25% trypsin in 0.01% EDTA
following centrifugation at 800 rpm for 5 min. The centrifuged liquid was filtered through a 100 pm
cell strainer. Then, the hair and scalp were separately transferred into a sterilized 6-well plate and
maintained in MSCs culture medium (100 uL DMEM, 10% FBS, 1% P/S, 2.45 g/L sodium bicarbonate,
and 10 ng/mL human epidermal growth factor). The cells were maintained in a culture dish for two
weeks and the medium was replaced every three days.

2.2. Cell Culture

The HaCaT keratinocyte cell line was obtained from the National Health Research Institutes,
Miaoli, Taiwan. The cells were maintained in DMEM-High Glucose (DMEM-HG; Gibco, Taipei,
Taiwan) culture medium, supplemented with 10% FBS and 1% antibiotics (P/S) at 37 °C and in
a humidified atmosphere containing 5% CO,. The MSC-CM was generated from 80% confluent
HEFMSCs in 100 mm-diameter culture dishes fed with 5 mL of DMEM-F12 and incubated at 37 °C in an
atmosphere of 5% CO,/95% air for 72 h. At the end of the incubation period, the media were collected
and centrifuged at 300x g for 10 min to avoid contamination of cell fragments and the supernatant.
After the centrifugation, the supernatant that was used as MSC-CM was harvested and added to the
HaCaT keratinocyte. The supernatant incubated with 80% confluent HFMSC for 72 h and processed in
the above-mentioned steps was quantified as 1 U concentration of MSC-CM.

2.3. Scratch Wound Assay

Confluent monolayer HaCaT keratinocyte cells in six-well culture plates were fed with DMEM-HG
and maintained for 24 h at 37 °C and 5% CO,. After 24 h, the monolayer was scratched with a sterile
plastic micropipette tip (200 puL pipette tip) approximately 0.4-0.5 mm in width. The cells were washed
three times with PBS, then DMEM-F12 (control medium) or MSC-CM was added. Photographs of
the wounds were taken at 0 h, 24 h, and 48 h by FV1000/IX81 fluorescence microscope (Olympus,
Tokyo, Japan) and the width of the healed area was measured by the Image] analysis program
(National Institutes of Health, Bethesda, MD, USA). All scratch assays were performed in four
independent experiments.

2.4. Proliferation Analysis

HFMSC and HaCaT keratinocytes were seeded in 12-well culture plates, then the starvation
process was performed for 24 h in which the cells were fed with serum-free medium without FBS.
After that, various kinds and concentrations of drugs such as UK5099: 5 uM, 10 uM, 20 uM; SLL:
5mM, 10 mM, 20 mM; LDHA: 100 U/mL, 1 KU/mL, 10 KU/mL; MSC-CM: 0.01 U, 0.05 U, 0.1 U; caffeine:
0.001%, 0.01%, 0.10%; CFA: 10 Um, 50 uM, 100 uM were added and the cells were incubated for 24 h.
The viability of HFMSC and HaCaT keratinocyte cells treated with different drugs was evaluated
and captured using an FV1000/IX81 fluorescence microscope. For immunofluorescence staining, the
cells were incubated with diluted primary antibodies against the anti-Ki67 antibody (Abcam ab15580,
Cambridge, MA, USA), according to the manufacturer’s instructions. The primary antibody was
detected by using a biotinylated goat anti-rabbit antibody (Abcam ab150077, Cambridge, MA, USA).
The quantitative data were measured by the Image] analysis software (National Institutes of Health,
Bethesda, MD, USA) from four independent experiments.
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2.5. HFMSC Culture Solution Administered to Animal Skin

This study was conducted using a total of four adult B6 mice as the animal models (National
Laboratory Animal Center No. 107-NLAC-EN-007, New Taipei City, Taiwan). To obtain precise data,
the vehicle and MSC-CM were treated on the same mice on different sides of the body. Specifically,
before the experiment, the left and right body of each rat was shaved as close as possible to the skin
and were randomly divided into two groups (treated group and control group) according to the gel to
be applied. In all mice, the left side of the body was smeared with the first gel (vehicle or MSC-CM),
while the right side of the body was smeared with the second gel (vehicle or MSC-CM). The growth of
the hairs was evaluated on the skin of the mice and pictures were taken every five days. After 15 days
of observations, the animal was sacrificed for quantitative analysis. Each of the experiments was
performed in quadruplicate.

2.6. Histology Staining

Following euthanasia, the skin was directly fixed in 10% formalin at room temperature for
24 h. The tissues were then embedded in paraffin, sectioned, and mounted on glass microscope
slides. The sections were stained with hematoxylin and eosin (HE), then examined via an Aperio
CS digital image capture pathology scanner (Leica Biosystems, Buffalo Grove, IL, USA) under
different magnifications.

2.7. Statistical Analysis

Data were analyzed using the paired t-test and presented as means + standard deviation.
The differences were considered as statistically significant with the p-value < 0.05.

3. Results

3.1. MSC-CM Promotes Wound Healing

Figure 1 displays the progression of wound closure in the scratch assay of the HaCaT keratinocyte
in the presence of MSC-CM from the time of scratching until 72 h after the scratch was performed under
a phase-contrast microscope. Clearly, the width of the healed area of the HaCaT keratinocyte treated
sample was more rapidly closed than that of the untreated sample in 48 h and 72 h of observation.
A similar result was also seen from the quantitative evaluation (Figure 2) when the HaCaT keratinocyte
scratch assays were performed in MSC-CM, where there was a significantly enhanced rate of cell
migration compared to the control. To be more specific, when the cell migration of the HaCaT
keratinocyte scratch assays was 45% in the control medium (at the 48 h time point), it was almost 60%
in the presence of MSC-CM. At the 72 h time point of the experiments, when the cell migration rate of
the HaCaT keratinocyte scratch assays was 70% in the presence of MSC-CM, it was only 50% in the
control medium. These findings indicate that MSC-CM enhanced the rate of wound closure of the
HaCaT keratinocyte by promoting cell migration during wound healing.

To examine whether MSC-CM could stimulate cell survival and proliferation during wound
closure, the HaCaT keratinocyte and HFMSC were treated with different kinds and concentrations of
drugs. Given the above-mentioned reasons, these drugs have the ability to improve cell growth and
proliferation, thus, in this study, we used them as positive controls compared to our MSC-CM. After
the treatment, the Ki67 (proliferation marker) positive cells were found more in the HFMSC and HaCaT
keratinocyte treated groups compared to control (Figure 3). The quantitative study from Figure 4
shows that among all kinds of drug treatments, in both the HFMSC and HaCaT keratinocyte, the
group treated with MSC-CM showed the noticeably highest cell proliferation compared to other drugs.
The results indicate that the conditioned medium of MSC at low to high concentrations can effectively
promote the proliferation of the HFMSC and HaCaT keratinocyte, supporting the progression of
wound healing.
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Figure 1. Optical micrographs showing the progression of wound closure in scratch assays of HaCaT
in the presence of MSC-CM at different observational periods.

0 Emcm *

70 } C_Imsc-cm
o !
N %
S 60}
s _ |
S 50t —=
P ———
g 40 |
oy e i
s 30t =]
[ |
.é” 20 +

10

0 -l | I
0 24 48 72
Harvest time (h)

Figure 2. Quantitative evaluation of the wound healing reflecting the migration rate of the cells around
the wound at various time intervals (* p < 0.05 and ** p < 0.01).
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Figure 3. Ki67 staining of (a) HFMSC and (b) HaCaT after being treated with different kinds of drugs.
More Ki67 positive cells were observed in both the HFMSCs and HaCaT treated samples.
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Figure 4. The statistical analysis of Ki-67 expression in (a) HFMSC and (b) HaCaT treated with
UK5099, SLL, LDHA, MSC-CM, caffeine, and CFA in certain concentrations (* p < 0.05, ** p < 0.01 and
***p < 0.001).

3.2. MSC-CM Potential for Hair Regeneration

To determine whether conditioned medium from HFEMSC affected the hair follicle cycle and
growth, we collected the culture medium from HFMSC and administrated it to the skin of mice with
DMEM-F12 used as the control. Figure 5 depicts a photographic image taken from each sample from
day 0 to day 15 after the MSC-CM treatments. After the left and right body of the mice were respectively
subjected with the vehicle and MSC-CM, a blue to black area began to appear on the skin surface in
which the area expanded or the color became darker with time. Even though no significant hair growth
was observed at the end of the test, apparently, the MSC-CM treatment on day 15 highlighted a darker
area of the skin and bigger diffusion. To confirm these findings, we harvested the skin of the mice
for histological analysis with HE staining. Figure 6 denotes the hair follicle cycling was enlarged in
the MSC-CM treated group when compared to the vehicle. The results represent that MSC-CM may
promote hair growth by enhancing hair follicle cycling in the left and right body skin of mice. Figure 7
shows the quantification of hair follicles and the thickness of various skin layers including epidermal,
cortical, muscle, and fat after treatment with MSC-CM. Among all observational groups, a significant
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increase could be seen only in the fat layer thickness, which might indicate the potential growth of the
hair follicle after MSC-CM treatment (Figure 7e).
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Figure 5. Animal models presenting the shaved skin of the mice after respectively being smeared with
the vehicle and MSC-CM, from day 0 to day 15 of observations.
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Figure 6. Histology staining of mice skins at day 15 after MSC-CM was smeared on the skin. Images
from the control group (upper) and MSC-CM treated group (lower) are shown.
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Figure 7. Quantitative evaluation showing the thickness of various skin layers after being treated with
MSC-CM: (a) epidermal thickness, (b) cortical thickness, (c) hair follicles number, (d) muscle layer
thickness, and (e) fat layer thickness (* p < 0.05).

4. Discussion

In this study, we used the scratch assay to show that the migration of HaCaT keratinocytes
affected wound closure in the presence of MSC-CM. It was found that wound closure was successfully
achieved and covered more rapidly in almost the entire part of MSC-CM when compared to that of
the control. This could be attributed to the presence of the high secretion of paracrine factors like
chemokines, cytokines, and growth factors from MSC-CM that resulted in strong immunomodulatory
and immunoregulatory characteristics promoting wound healing [26-28]. This feature has been
indicated in the previous research that found that CM obtained from BM-MSC significantly accelerated
scratch wound closure in 1929 fibroblasts and HaCaT keratinocytes, supporting the application of
MSC-CM as a therapeutic agent in cutaneous wound healing [26]. Accordingly, the latest study by
Joseph et al. also found that MSC-CM can be used to improve the quality of wound healing with
minimal scar formation [2]. Using CM from MSC culture increases fibroblast and basal cell proliferation,
collagen synthesis, and improve vascularization in the process of skin wound healing [9,11].

In our set of investigations, cell survival and proliferation of HaCaT keratinocyte and HFMSC
during wound healing were examined in the presence of different kinds of drugs. We found that
UK5099, SLL, LDHA, MSC-CM, caffeine, and CFA could promote the proliferation of HFMSC, but
only MSC-CM and CFA could promote the proliferation of the HaCaT keratinocyte. Previous study
found that caffeic acid produced low cytotoxicity of keratinocytes that can induce cell proliferation
and differentiation [22]. Furthermore, another study confirmed that cell proliferation could also be
elevated by means of CM from culture MSC [13]. In this study, we found treatment with MSC-CM
exhibited the highest cell proliferation in both HFMSC and HaCaT keratinocyte during wound healing.
MSC-CM could restore the proliferation and migration of keratinocytes, suggesting that MSC-CM has
great potential in therapeutic modality supporting the poor wound-healing conditions and improve
the effectiveness of tissue regeneration [29,30].

It has been known that wounds treated with MSCs not only displayed a sign of skin regeneration,
but also showed an improvement in the formation of new skin appendages such as hair follicles and
sebaceous glands [3]. The ability of skin to regenerate hair follicles during wound healing has been
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clearly demonstrated in animal models known as wound-induced hair growth (WIHG) [31-33]. In the
present study, areas of the skin of the mice began to appear blue to black after respectively being smeared
with MSC-CM, projecting the formation of hair follicles. For the above-mentioned reason, paracrine
factors such as cytokines, chemokines, and growth factors secreted by the MSC into the medium
may play a key role in activating and stimulating fibroblast proliferation during the wound healing
as well as regulating human hair growth [34]. It has been known that vascular endothelial growth
factor (VEGF), epidermal growth factor (EGF), fibroblast growth factor (FGF), keratinocyte growth
factor (KGF), angiopoietin-1, erythropoietin, and stromal-derived factor-1 (SDF-1) escalated dermal
and epidermal cell proliferation and promoted migration of dermal fibroblasts [9,24,35]. Furthermore,
these growth factors can enhance angiogenesis and the re-epithelialization process, which might be
important to stimulate hair follicle regeneration and maintain hair-inducing activity in vivo [35,36].
In addition, they are involved in the contraction phase, ending at the last stages of remodeling, leading
to wound healing in the absence of scar formation and ultimately increasing hair regeneration [35].
Specifically, previous study found that Fgf9 produced from the wound promotes dermal Wnt activation
and induces fibroblast Wnt expression, eventually leading to WIHG [37]. The overexpression of Wnt7
by MSC effectively promotes wound healing and at the same time, induces hair follicle regeneration
through the acceleration of the biological progression of hair follicles from the telogen (resting) to
anagen (growth) phase [20].

In the course of hair development, hair follicles undergo cyclic regeneration throughout its life,
namely the anagen, catagen (regression), and telogen phases [38]. It has long been recognized that
the adjacent tissue-layers including nerves, hair follicles, interfollicular epidermis, blood vessels,
melanocytes, muscles, adipocytes, and fibroblasts participate and have a direct link in the hair cycle
and formation [38,39]. Accordingly, in this study, we used the thickness of various skin layers
including epidermal thickness, cortical thickness, muscle thickness, hair follicle number, and fat
thickness as hair regeneration indicators. Given the limited number of samples analyzed, we could not
establish a significant difference between the treated and control mice except for the fat layer thickness.
Nevertheless, a previously published study found that there was a positive correlation between the
thickness of the adipocyte layer with hair growth. When the hair follicles are in the anagen phase, the
thickness of the adipocyte layer will rapidly increase [40]. In our study, the significant increment of
the fat layer thickness found under the mouse’s skin might indicate the potential growth of the hair
follicle after the MSC-CM treatment. In the near future, MSC-CM may prove a promising therapeutic
tool to improve wound healing and hair regeneration as well as in other regenerative applications.
Specifically, the induced proliferation of stem cells present in the wound might be beneficial for the
formation of new hair or prevent hair loss in alopecia patients.

5. Conclusions

Within the limitations of this study, we provide a new insight to necessitate the exploration of
hair follicle MSC-CM as a potential therapeutic tool for wound closure as well as hair loss issues.
The study confirmed that the CM from cultured HFMSC has great potential to promote cell migration
and proliferation in the wound healing process, which may induce hair regeneration through changes
in the wound microenvironment that affect cell-cell interactions. We believe that MSC-CM may serve
as a promising alternative therapeutic modality in cell-based therapies for wound closure and alopecia.
In future study, more investigations should be performed to understand the mechanism of action
on which MSC-CM can stimulate wound healing in association with a positive treatment for hair
loss issues.
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