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Abstract: Full-thickness skin injury affects millions of people worldwide each year. Although bone marrow-derived
mesenchymal stem cells (BM-MSCs) have been shown to promote cutaneous wound healing, they cannot function-
ally promote wound healing with the recovery of appendages such as hair follicles. We previously found that growth
factor plus BM-MSCs could effectively promote wound healing and hair follicle regeneration. In the present study,
we grafted insulin-like growth factor 1 (IGF1), a multifunctional cell growth factor, and BM-MSCs into a collagen-
chitosan scaffold to investigate their effects on functional wound healing. Using scanning electron microscopy,
histological staining, and quantitative analysis, we found that IGF1- and BM-MSC-incorporating collagen-chitosan
scaffolds promote cutaneous wound healing with effective regeneration of hair follicles in a rat full-thickness skin
injury model. In addition, IGF1/BM-MSCs inhibit inflammatory cytokines during wound healing. In vitro, we found
that IGF1 promotes the proliferation and migration of BM-MSCs via the IGFR-mediated ERK1/2 signaling pathway.
Collectively, in this study, we first demonstrated that IGF1 enhances BM-MSC-mediated wound healing as well
as hair follicle regeneration. Our data suggest that the topical application of IGF1 and BM-MSCs incorporated in
collagen-chitosan scaffolds can be used as a feasible and effective therapeutic approach to improve functional

cutaneous wound healing.
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Introduction

The skin, which includes the epidermis, dermis,
and appendages, is the largest organ of the
human body. Due to skin defects caused by
trauma, burns, and chronic diseases, nearly 10
million patients need skin grafts to repair
wounds every year [1]. The skin contains hair
follicles, sebaceous glands, sweat glands, and
other accessory organs. Hair follicle-rich skin
wounds heal faster than skin without hair folli-
cles, and the proportion of collagen in the
wound site is closer to the original normal skin
after healing [2]. Therefore, therapeutic
approaches targeting hair follicle regeneration
may be an effective method to promote wound
healing after trauma.

Mesenchymal stem cells (MSCs) are bone mar-
row-derived non-hematopoietic progenitor cells

[3]. MSCs have been shown to enhance cu-
taneous wound healing. Transplanting MSCs
into severe burn wounds with full cortical
defects can effectively promote thickening of
the epidermal tissue, increase the relative num-
ber of nerve fibers in the dermis, and shorten
the skin repair cycle [4]. MSCs can also reduce
wound inflammation, promote angiogenesis,
regulate ECM synthesis, and promote skin
structural regeneration and functional recovery
to a certain extent [5]. These results suggest
that MSCs have great application prospects in
skin repair. Although MSCs can promote wound
skin repair, the performance of MSCs alone in
wound hair follicle regeneration is unsatisfac-
tory [6]. Improving the microenvironment,
maintaining the cell activity, and promoting the
proliferation, migration, and differentiation of
MSCs is the key to the clinical application of
MSCs in wound healing [7].
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Insulin-like growth factor 1 (IGF1), a multifunc-
tional cell growth factor, regulates cell prolifera-
tion, migration, and epithelialization [8]. Low
expression of IGF1 was observed in the ulcer-
ative wound skin of diabetic patients [9].
Treating a rat acute wound model with IGF1-
overexpressing fibroblasts significantly en-
hanced wound healing speed [10]. In the pro-
cess of artificially inducing MSCs to differenti-
ate into fibroblast cell lines, researchers have
observed that IGF1 participates in the regula-
tion of fibroblast proliferation, migration, and
collagen synthesis [11]. The study also found
that the IGF1-mediated signaling pathway mig-
ht play an important regulatory role in hair
growth and decay [12]. These findings indicate
that IGF1 may serve as a regulator of hair folli-
cle regeneration. However, the role of IGF1 in
wound healing is unknown.

The collagen-chitosan scaffold has good bio-
compatibility, low antigenicity, and high biode-
gradability [13]. There are a large number of
space voids in this three-dimensional stru-
cture, which is suitable for cell adhesion and
proliferation, and is conducive to the exchange
of liquid inside and outside [14]. Bone marrow-
MSCs grafted with collagen-chitosan scaffolds
have been shown to accelerate the healing of
severe burn wounds [15]. Our previous study
has also identified that using a collagen-chito-
san scaffold, epidermal growth factor, and
MSCs not only promotes wound healing in rats
after trauma, but also hair follicle regeneration
[16]. Therefore, in the present study, we load-
ed IGF1 and BM-MSCs onto a collagen-chito-
san scaffold and determined the role of IGF1/
BM-MSCs in the repair of large-area full-thick-
ness skin defects and the regeneration of hair
follicles. In addition because MSC activity is a
key factor for the promotion of wound heal-
ing [17], we further investigated whether IGF1
promoted the proliferation and migration of
BM-MSCs and the potential underlying me-
chanisms.

Materials and methods
Ethics statement

The animal protocol and experimental proce-
dures were approved by the Institution of
Animal Care and Use Committee of Shaoxing
People’s Hospital.
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Preparation, isolation, identification, and label-
ing of BM-MSCs in culture

We performed the isolation of rat BM-MSCs
as described in our previous study [16]. In
brief, bone marrow cells were flushed from the
tibias of adult male SD rats with PBS. Flush-
ed cells (15 ml) were centrifuged at 1000 x g
for 5 min. The supernatant was removed, and
cells were washed with RPMI-1640 medium
and centrifuged for an additional 5 min. Fin-
ally, the cells were resuspended in medium
containing 10% fetal bovine serum (FBS, Gi-
bco) and 1% penicillin/streptomycin (Beyotime,
Jiangsu, China) in 25-mL culture flasks and
incubated at 37°C in a fully humidified atmo-
sphere with 5% CO,,. Cells were characterized
using fluorescence-activated cell sorting
(FACS) to assess the positivity of a cluster of
differentiation CD31, CD44, CD73, CD90, and
CD105. Besides, BM-MSCs were identified by
detecting osteogenic and adipogenic differen-
tiation. Osteogenic differentiation was visual-
ized by staining with Alizarin Red staining,
and adipogenic differentiation was visualized
using Oil-Red-O staining. The labeling of
BM-MSCs was performed as described previ-
ously. According to the manufacturer’s proto-
col, BM-MSCs were labeled with CM-Dil (1,
1’-dioctadecyl-3,3,3’,3'-tetramethylindocarbo-
cyanine perchlorate, Beyotime) and cultured in
the dark at 37°C for 30 min. BM-MSCs were
then washed with PBS and centrifuged at 2000
x g for 5 min. Images were acquired using a
Leica DFC3000 fluorescence microscope.

Preparation of collagen-chitosan scaffolds

Collagen and chitosan were dissolved in 0.5 M
acetic acid to form a 0.5% (w/v) solution at a
mass ratio of 9:1. The collagen-chitosan com-
posite was injected into homemade molds,
frozen at -20°C for 2 h, and lyophilized for 24 h
to produce a porous collagen-chitosan scaf-
fold (2 cm x 2 cm x 0.5 cm). After disinfection
in 75% alcohol, BM-MSC scaffolds were cul-
tured with CM-Dil-labeled BM-MSCs at a cell
concentration of 5 x 10%/uL at 37°C in a
5% CO, atmosphere. IGF/BM-MSC scaffolds
were cultured with labeled BMSCs and 100
nM IGF1 (SRP0350, Sigma). Each scaffold was
kept in a saturated humidity incubator for 48 h,
and the morphology of adhered cells within
scaffolds was observed by scanning electron
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microscopy (SEM, SU-70, Hitachi, Hangzhou,
China).

Rat cutaneous wounds and treatment

The rat cutaneous wound was constructed as
described in our previous study [16]. Briefly,
rats were anesthetized with 3% pentobarbital
sodium solution (Sigma) via intraperitoneal
injection. Three full-thickness wounds with a
diameter of 2.0 cm were established on the
backs of the rats using a round biopsy punch. A
total of 18 rats (approximately 10 weeks old,
250+£20 g) were used for the experiments. The
wounds were randomly divided into three
groups: Control, BM-MSCs, and IGF1/BM-MSCs
groups. The blank, BM-MSCs, and IGF1/
BM-MSCs scaffolds were then extended on the
wound bed and sutured to the adjacent skin.
Petrolatum gauze was used to cover the wounds
and was removed seven days later. Rats were
killed in batches of 6 on days 7, 21, and 35
post-surgery.

Wound closure and hair follicle regeneration
analysis

A measuring ruler was used to measure the
wound size. After image capture, wound closure
was quantified (mm?) on days 7, 21, and 35
post-surgery using ImagelJ software. The wound
closure rate was calculated as the percentage
of the wound area on day X compared with the
wound area on postoperative day O. For hair fol-
licle regeneration analysis, the number of new
hair follicles on day 35 was determined by
counting 6 randomly selected image areas
according to the versican staining.

Pathological staining

The obtained wound tissues were fixed in 10%
formalin, decalcified, dehydrated, cleared with
dimethylbenzene, and embedded in paraffin.
Five-micrometer sections were stained with
hematoxylin and eosin (H&E) and Oil Red
staining according to the manufacturer’s in-
structions. For immunohistochemistry, the
slides were treated with primary antibody
against versican overnight at 4°C. Following
incubation with the primary antibody, the sli-
des were blocked for 1 h at 37°C and washed
with PBS. The secondary antibody was reacted
with the slides for 30 min. After washing
with PBS, the slides were treated with DAB
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(Solarbio, Beijing, China) to visualize the immu-
noreactivity. Images were obtained using a
Leica DM3000 microscope (Leica Company,
Germany).

Measurement of inflammatory cytokines

The wound tissue was lysed with protein lysis
buffer. ELISA kits (Nanjing SenBeilia Bio-
Technology Co., Nanjing, China) were used to
detect the levels of tumor necrosis factor o
(TNF-a), interferon-y (IFN-y), interleukin 13 (IL-
1B), and interleukin 6 (IL-6) in tissue homoge-
nates by following the manufacturer’s protocol.

Real-time quantitative PCR

Total RNA from BM-MSCs was extracted using
TRIzol kits (Takara, Japan). The cDNA was
obtained using a PrimeScript RT reagent kit
(Takara). Then, real-time PCR was performed
using SYBR premix Ex Taq reagent kit (Takara)
through the 7500 real-time PCR system (App-
lied Biosystems, USA) according to the manu-
facturer’s instructions. The mRNA levels were
normalized against GAPDH levels and the
expressions of target genes were calculated
using the 2%4°t method. The following PCR
primers were used: IGF1, forward: 5-TTCA-
ACAAGCCCACAGGGTA-3’, reverse: 5-GCAATA-
CATCTCCAGCCTCCT-3’; GAPDH, forward: 5'-
TGCACCACCAACTGCTTAGC-3’, reverse: 5-GG-
CATGGACTGTGGTCATGAG-3'.

Western blot

Total protein from hippocampal neuronal cells
was obtained by adding RIPA buffer (Beyo-
time) containing phosphatase inhibitor (Med-
ChemExpress, Shanghai, China). The protein
concentration was measured with a BCA
Protein Quantification Kit (Beyotime). A total
of 30 pg protein was separated on 12% SDS-
PAGE and transferred onto PVDF members. The
members were blocked by 5% non-fat milk for
30 min and incubated with the following
antibodies against IGF1R (ab39675, Abcam),
p38 (lot:8690, CST), p-p38 (lot:4511, CST),
ERK1/2 (lot:4695, CST), p-ERK1/2 (lot:4370,
CST), JNK (lot:9252, CST), p-JNK (lot:4668,
CST) and B-actin (@b8226, Abcam) at 4°C
overnight. The membrane was further incubat-
ed for 1 h with horseradish peroxidase (HRP)-
labeled secondary goat anti-rabbit antibody
(Beyotime). The membranes were treated with
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an enhanced chemiluminescent detection kit
(Beyotime), and the signals were photographed
on a gel imaging system (Bio-Rad Laborato-
ries, Inc., Hercules, CA, USA). The relative
expression of the proteins was expressed as
the gray value ratio between the band of pro-
tein to be assessed relative to that of B-actin.

MTT assay

Cell proliferation of cells was detected by MTT
assay. At the end of the treatment for various
time (1, 2, 3, 4 and 5 days), MTT solution (5
mg/ml) was added to each well and incubat-
ed for another 4 h. Then the medium was
removed and 100 yL DMSO was added to dis-
solve formazan. Finally, a SpectraMax Plus
Absorbance microplate reader (Molecular
devices, CA, USA) was used to measure the
absorbance at 570 nm.

Wound healing assay

A wound healing assay was performed to
evaluate the cell migrative ability. When
BM-MSCs reached 90% confluence, a micropi-
pette tip was taken to make a scratch across
the surface. PBS was used to wash the sus-
pended cells, and FBS-free DMEM was added.
After 24 h, images of cells were taken by a light
microscope (Nikon Corporation, Tokyo, Japan).

Statistical analysis

Grouped data are expressed as the mean + SD.
Student’s t test was used for two-group com-
parisons and multiple group comparisons were
achieved using one-way ANOVA analysis, fol-
lowed by Bonferroni post-hoc tests. All statisti-
cal analyses were conducted using GraphPad
Prism 7.0 (GraphPad Prism, Inc., La Jolla, CA,
USA). Differences of P < 0.05 were considered
statistically significant.

Results
Isolation and identification of BM-MSCs

A homogenous population of BM-MSCs was
obtained after 3 passages. Flow cytometry
assays showed that these fibroblast-like cells
expressed surface markers of mesenchymal
stem cells. They were positive for CD73, CD44,
CD90, and CD105, but negative for CD31
(Figure 1A). Under adipogenic and osteogenic
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culture conditions, BM-MSCs were capable
of differentiating into adipocytes and osteo-
blasts, respectively, as evidenced by the pres-
ence of intracellular lipid droplets (Oil red O
staining) (Figure 1B) and calcium nodule for-
mation (ALP staining) (Figure 1C). These re-
sults indicated that we had efficiently generat-
ed BM-MSCs, which were used in the following
experiments.

IGF1/BM-MSCs promote wound healing and
hair follicle regeneration in vivo

The present study used a collagen-chitosan
scaffold as a carrier for BM-MSCs and recombi-
nant IGF1. SEM observation of the scaffolds
showed a continuous structure of irregular
interconnected pores. Upon the addition of
BM-MSCs, the surface morphology became
rough (Figure 2A). To further confirm the ad-
herence of surviving cells, CM-Dil was used to
mark BM-MSCs, and SEM showed the cross-
linking of chitosan and BM-MSCs (Figure 2B).
As shown in Figure 2C, the skin wound healing
effect of the BM-MSC group was better than
that of the control group, and the effect of the
IGF1/BM-MSC group was better than that of
the BM-MSC group. The statistical analysis
showed that the residual wound area ratio of
the IGF1/BM-MSC group was significantly
smaller than that of the BM-MSC and the
control group both 21 and 35 days after trau-
ma. Moreover, histological analysis, including
H&E staining of skin sections, showed that
BM-MSCs and IGF1/BM-MSCs accelerated
the return of the structural layers of the skin
(Figure 3A). Oil red staining demonstrated
that wounds treated with BM-MSCs or IGF1/
BM-MSCs not only developed anatomical fea-
tures (epidermal, dermal layers, and hypoder-
mal layers) of the skin, but also healed with
hair follicles by day 35 (Figure 3B). To precisely
evaluate the hair follicle regeneration effect
of IGF1/BM-MSCs, IHC with versican antibody
staining was performed. The results in Figure
3C show that BM-MSCs promoted hair follicle
regeneration and that the number of hair folli-
cles on day 35 was significantly increased in
the IGF1/BM-MSC group compared to the
BM-MSC group (Figure 3D). Collectively, these
results indicate that IGF1/BM-MSCs promote
wound healing and hair follicle regeneration in
mice after trauma.

Am J Transl Res 2020;12(10):6264-6276
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CD73 CD90 CD105

Figure 1. Isolation and characterization of BM-MSCs. A. Flow cytometry assays were used to measure the expression of cell surface markers on isolated BM-MSCs
and the isolated cells were positive for CD44, CD73, CD90, and CD105, but negative for CD31. B. After culturing under adipogenic conditions, Oil Red O staining
was used to evaluate adipogenesis. C. After culturing under osteogenic conditions, ALP staining was used to evaluate osteogenesis.
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Figure 2. IGF1/BM-MSCs promoted wound healing in vivo. A. SEM micrographs of the surface morphology of BM-
MSC-incorporating collagen-chitosan scaffolds. B. BM-MSCs were stained with CM-Dil (red) and DAPI (blue), and
the BM-MSCs incorporated into the collagen-chitosan scaffold were observed under a fluorescence microscope. C.
Images of the cutaneous wounds in rats showed that the skin wound healing effect of the IGF1/BM-MSCs group
was better than those of the control and BM-MSCs groups 21 and 35 days after trauma. Statistical analysis showed
that the area of cutaneous wounds in the IGF1/BM-MSCs group was smaller than those in the control and BM-MSCs
groups 21 and 35 days after trauma. *P < 0.05 vs. control group; #P < 0.05 vs. BM-MSC group.

IGF1/BM-MSCs inhibited inflammation in skin the expression of these cytokines in skin
wounds wounds. Figure 4A-D shows the expression of

the above four proinflammatory cytokines in
The inflammatory response to skin wounds the skin wounds of the control, BM-MSC, and
involves a variety of cytokines, including TNF-c, IGF1/BM-MSC groups on days 7, 21, and 35
INF-y, IL-1B, and IL-6. ELISA was used to detect after trauma. At each time point, the expres-
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Figure 3. IGF1/BM-MSCs promoted hair follicle regeneration in vivo H&E (A) and Oil red O staining (B) of the wounds
treated with blank scaffold (control), BM-MSC-incorporating scaffold (BM-MSCs), and scaffold containing BM-MSCs
and IGF1 for 7, 21, and 35 days post trauma. The wound-healing effect of IGF/BM-MSC was better than BM-MSCs.
(C) Detection of Versican expression in skin wounds in rats by immunohistochemistry in the control, BM-MSC, and
IGF1/BM-MSC groups 7, 21, and 35 days after trauma. (D) Quantitative analysis of the number of hair follicles in
the cutaneous wound on the 35" day according to the Versican staining. IGF/BM-MSC showed the better promoting

effects than BM-MSCs on hair follicle regeneration. *P < 0.05 vs. control; #P < 0.05 vs. BM-MSCs.

sion levels of TNF-a, INF-y, IL-1[3, and IL-6 in the
BM-MSC group were significantly lower than
those in the control group. On days 7 and 21
after trauma, the expression levels of the four
cytokines were significantly lower in the IGF1/
BM-MSC group than in the BM-MSC groups.
However, on day 35 there was no statistical dif-
ference between the BM-MSC and the IGF1/
BM-MSC groups.

IGF1 promotes the proliferation and migration
of BM-MSCs via the IGF1R pathway

To investigate the role and mechanism of IGF1
on the cell proliferation and migration of
BM-MSCs, we first performed an MTT assay. As
shown in Figure 5A, IGF1 (1, 10, and 100
nM) promoted the proliferation of BM-MSCs in
a dose-dependent manner. Meanwhile, the
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wound-healing assay showed that IGF1 en-
hanced the migration ability of BM-MSCs in a
dose-dependent manner (Figure 5B and 5C).
Since IGF1 always exerts its role via the IGF1
receptor (IGF1R) [18], we next determined the
influence of IGF1 on IGF1R expression in
BM-MSCs. The results showed that 100 nM
IGF1 increased the protein expression of IGF1R
in a time-dependent manner (Figure 5D).

ERK1/2 signaling mediates IGF1-induced BM-
MSC proliferation and migration

Given the role of MAPK signaling in the prolif-
eration of MSCs [19], we investigated whether
this signaling pathway also participated in the
IGF1-mediated proliferation of MSCs. As illus-
trated in Figure 6, 100 nM IGF1 in BM-MSCs
significantly increased the protein expression
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Figure 4. IGF1 and BM-MSC-incorporating collagen-chitosan scaffolds inhibited the expression of inflammatory cy-
tokines, including TNF-a (A), INF-y (B), IL-1B (C), and IL-6 (D), as shown by ELISA assays in the control, BM-MSC, and
IGF1/BM-MSC groups 7, 21, and 35 days after trauma in the wounded skin of rats. *P < 0.05 vs. control; #P < 0.05

vs. BM-MSCs.

of p-p38 and p-pERK1/2, but not p-JNK, sug-
gesting a cooperative effect between IGF1
and MAPK signaling. Thereafter, p38 and
ERK1/2 signaling was abolished by treatment
with SB203580 and U0126, respectively, as
evidenced by western blot analysis (Figure
7A). The results of the MTT assay showed
that the addition of U0126 blocked IGF1-
mediated proliferation (Figure 7B) and migra-
tion (Figure 7C). However, treatment with
SB203580 had no influence on the IGF1-
mediated proliferation and migration of
BM-MSCs. Taken together, these data indicate
that IGF1 may promote proliferation and migra-
tion via the ERK1/2 signaling pathway.

Discussion

Hair follicles are an important part of the skin.
In full-thickness wounds, the ability to regener-
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ate hair follicles is reduced or even completely
lost. Although great improvements have been
made in the treatment of acute skin defects,
the regeneration of functional skin appendag-
es, such as hair follicles, is still challenging
[20]. Therefore, the development of biomateri-
als that promote the regeneration of burned
skin and hair follicles has huge clinical signifi-
cance. The ideal wound dressing should be
designed to have excellent biocompatibility,
good mechanical properties as barriers, the
ability to create a native extracellular matrix to
stimulate cell migration, and the ability to pro-
mote tissue structure proliferation and recom-
bination [21]. In our study, SEM micrographs
showed the interconnected porous structures
of collagen-chitosan and BM-MSCs loaded with
collagen-chitosan scaffolds, and the spongy
structure of the scaffolds facilitated the
exchange of nutrients and fluids during wound

Am J Transl Res 2020;12(10):6264-6276
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Figure 5. IGF1 promoted the proliferation and migration of BM-MSCs via the IGF1R pathway. A. The results of
MTT assays showed that IGF1 promoted the proliferation of BM-MSCs in a concentration-dependent manner. B, C.
Wound-healing assays showed that IGF1 enhanced the migrative ability of BM-MSCs in a concentration-dependent
manner. D. Western blot analysis revealed that 100 nM IGF1 increased the levels of phosphorylated IGFR in BM-
MSCs in a time-dependent manner. *P < 0.05 vs. BM-MSCs; #P < 0.05 vs. BM-MSCs+1 nM IGF1.
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Figure 6. Western blot analysis showed the expression of phosphorylated
p38, ERK1/2, and JNK in BM-MSCs treated with 100 nM IGF1 for 48 h.
Phosphorylation levels of p38, ERK1/2, and JNK were quantified by densi-
tometry and normalized to total kinase expression in the above groups. *P
< 0.05 vs. BM-MSCs.
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healing [22]. Consistent with a
previous study [23], the iso-
lated BM-MSCs in this study
expressed typical MSC sur-
face markers such as CD44,
CD73, and CD90, and have
the potential to differentiate
into mesenchymal cells, in-
cluding adipocytes and os-
teocytes. Many studies, in-
cluding our previous study
[16], have successfully used
BM-MSCs to promote cut-
aneous wound healing [24].
Consistent with previous stud-
ies [25, 26], we found that
although MSCs have been
approved to serve as a thera-
peutic tool in wound healing,
they have little effect on hair
follicle regeneration. Functi-
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Figure 7. ERK1/2 signaling mediated the positive effects of IGF1 on the proliferation and migration of BM-MSCs. A.
Western blots and quantitative analysis of phosphorylated p38 and ERK1/2 in BM-MSCs treated with 100 nM IGF1,
with or without the p38 inhibitor SB 203580 and the ERK1/2 inhibitor U0126. B. MTT assays showed that U0126,
but not SB 203580, reversed the effects of IGF1 on the proliferation of BM-MSCs. C. Wound-healing assays demon-
strated that U0126, but not SB 203580, reversed the effects of IGF1 on the migration of BM-MSCs. *P < 0.05 vs.

control; #P < 0.05 vs. IGF1/BM-MSCs.

onal regeneration of hair follicles is thus still a
great challenge.

Growth factors such as fibroblast growth fa-
ctor, epidermal growth factor, and the platelet-
derived growth factor have received significant
attention in the field of wound healing in the
past few decades [7, 27, 28]. Bio-inspired
hydrogels with fibroblast growth factors can
enhance cell proliferation, wound re-epitheliali-
zation, and collagen deposition without any
noticeable toxicity and inflammation com-
pared to blank hydrogels and commercial
wound healing products [29]. In our previous
study, the results suggested that the epider-
mal growth factor significantly enhanced
BM-MSC-mediated wound healing as well as
hair follicle regeneration [16]. In this study, we
observed that the topical application of an
IGF1/BM-MSC-incorporating scaffold also pro-
moted cutaneous wound healing and hair folli-
cle regeneration. Our results were supported
by the important role of IGF1 in skin deve-
lopment and homeostasis [12]. The exact
mechanisms underlying the hair follicle-regen-
erative properties of IGF1 still need to be identi-
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fied. In addition, we found that compared to
the BM-MSC group, treatment with IGF1 and
BM-MSCs caused a further decrease in sev-
eral inflammatory cytokines including TNF-«,
INF-y, IL-1B3, and IL-6, which are thought to be
involved in vascular proliferation and immune
regulation during skin wound healing [30]. The
effects of IGF1 on inflammatory cytokines may
be due to its effect on the secretion role of
BM-MSCs.

The proliferation and migration of BM-MSCs
in the wound are important during wound heal-
ing processes [31]. Therefore, we investigat-
ed the effects of IGF1 on BM-MSCs in vitro, as
well as its potential mechanism. IGF1 promot-
es the proliferation of various cell types, includ-
ing epithelial cells, muscle cells, and some
stem cells [32]. A recent study found that IGF1
enhanced BM-MSC viability, migration, and
anti-apoptosis via the secreted frizzled-relat-
ed protein 2 pathway [33]. Here, we showed
that IGF1 upregulated IGF1R in BM-MSCs and
that 1-100 nM IGF1 facilitated the proliferation
and migration of BM-MSCs. Expression of
IGF1IR and activation of IGF1/IGF1IR down-
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stream signaling is important for regulating
tissue homeostasis in stromal wound healing
[34]. MAPK signaling is a key player in cell
migration, angiogenesis, and tissue develop-
ment [35]. Our experiments demonstrated
that IGF1 induced the phosphorylation of
ERK1/2 and p38 but had no influence on
the phosphorylation of JNK in BM-MSCs.
Consistent with our results, IGF1 was found to
activate the MAPK/ERK1/2 signaling path-
way to promote cell proliferation in osteoblasts
[36]. Furthermore, we found that inhibition of
ERK1/2 signaling effectively abrogated IFG1-
mediated BM-MSC proliferation and migra-
tion. In contrast, inhibition of p38 signaling had
no substantial effects on BM-MSC prolifera-
tion. In conclusion, our results indicate that
IGF1 induces the proliferation and migration of
BM-MSCs through IGFR-mediated activation of
the ERK1/2 signaling pathway, but not through
p38 signaling. In contrast, MSC therapies for
wound healing are also effective due to the
transdifferentiation of MSCs into different cell
lineages, such as endothelial-like cells and
keratinocytes [37]. Whether IGF1 can facilitate
the differentiation of BM-MSCs still needs to be
investigated in future studies.

Conclusion

In summary, we found that IGF1/BM-MSCs pro-
moted cutaneous wound healing and hair folli-
cle regeneration in rats. IGF1 promoted the pro-
liferation and migration of BM-MSCs via the
IGFR-mediated ERK1/2 signaling pathway.
These findings demonstrate a potential new
approach to synergistically promote hair follicle
regeneration and wound healing.
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