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Activin B Promotes BMSC-Mediated Cutaneous Wound Healing
by Regulating Cell Migration Via the JNK-ERK Signaling Pathway
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Bone marrow-derived mesenchymal stem cells (BMSCs) are able to differentiate into various types of
skin cells and participate in skin regeneration and repair. Activin signaling can regulate wound healing and
reepithelialization. The present study assessed the impact of activin B on BMSC-mediated cutaneous wound
healing in rats and explored the possible mechanism involved. We found that CFSE-labeled BMSCs partici-
pated in wound healing in vivo, and compared to administration with PBS, activin B, or BMSCs, activin B plus
BMSC:s significantly promoted wound healing and hair follicle regeneration. Activin B induced actin stress
fiber formation and cell migration in BMSCs in vitro. Activation of JNK and ERK, but not p38, was required
for activin B-induced actin stress fiber formation and BMSC migration. These results show that activin B may
promote BMSC-mediated wound healing by inducing actin stress fiber formation and BMSC migration via
the ERK and JNK signal pathways. Combined administration of BMSCs and cytokines may be a promising

therapeutic strategy for the management of skin wounds.
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INTRODUCTION

Cutaneous wound healing is a complex and coordi-
nated series of events that includes inflammation, new
tissue formation, and tissue remodeling (25). Many
approaches that accelerate the wound healing process
have been developed. However, improving the speed
and quality of healing remain a challenging task faced
by clinicians. Skin grafting is currently the most effective
method for the management of large skin defects. The
discovery in recent years that bone marrow-derived mes-
enchymal stem cells (BMSCs) are able to differentiate
into skin cell types and participate in skin regeneration
and repair has provided a promising alternative strategy
for the treatment of severe skin wounds. Transplantation
of BMSCs into full-thickness burn wounds is signifi-
cantly able to induce epidermal thickening, increase the
number of dermal nerve fibers, accelerate wound healing,
and greatly improve healing quality (2,10). Moreover,
BMSC:s participate in wound reepithelialization and the

regeneration of sweat glands and blood vessels (45).
Therefore, BMSCs may be considered ideal seeder cells
for skin tissue engineering.

A wide variety of growth factors and cytokines are
involved in the regulation of all phases of wound healing
(44). Activins are members of the transforming growth
factor-B (TGF-B) superfamily that exert their biological
effects by binding to specific receptors: activin type I
receptors (ACVR 1, ACVR 1B, ACVR 1C) and activin
type I receptors (ACVR 2A, ACVR 2B) (4,31,32). Three
different forms of activin have been identified, including
the homodimers activin A (BABA), activin B (BBfB), and
the heterodimer activin AB (BABB) (43). Three additional
activin B subunits (BC, BD, and BE) have been recently
identified (30). Strong and persistent induction of activin
B has been found in the hyperproliferative epithelia at the
wound edge and in the migrating epithelia of the tongue
(18). In addition, overexpression of the activin antago-
nist follistatin or a dominant-negative activin receptor IB
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mutant (dnActRIB) delayed wound reepithelialization
after skin injury in mice (3,42), implying a critical role of
activin B in the regulation of wound healing.

Stem cell-mediated regeneration and repair involve
migration of stem cells from the sites where they colonize
to wound sites. The process of migration is controlled
by chemokines and their receptors (29,37). Many data
suggest that the activin/TGF-f3 pathway might have an
important role in the regulation of BMSC functions, and
BMSCs and osteoclasts are the main sources of activin
(11,14,35,40). Moreover, BMSCs highly express activin
receptors on their surfaces (16). However, most of these
studies concern the role and signaling mechanisms of
activin A and few of activin B. In our previous studies,
we found that activin B promoted keratinocyte migration
through the c-JUN NH,-terminal protein kinase (JNK)/
mitogen-activated protein kinase (MAPK) pathway and
thereby accelerated wound healing (49-51). Furthermore,
our recent results indicated that activin B not only pro-
moted epithelial wound closure in vivo through the ras
homolog family member A (RhoA)-Rho-associated
coiled-coil kinase (ROCK)-c-Jun signaling pathway, but
also stimulated the proliferation of hair follicle cells and
regeneration of hair follicles at the wound area (19,52).
Therefore, we hypothesized that activin B might improve
BMSC-mediated wound healing. To test this hypoth-
esis, we assessed the effect of combined administration
of BMSCs and activin B on cutaneous wound healing in
rats. In addition, we explored the mechanisms underlying
the influence of activin B treatment on BMSC-mediated
wound healing in vitro. Our study provides a theoretical
basis for the development of new strategies for the man-
agement of wounds.

MATERIALS AND METHODS
Animals

Twenty-four 8-week-old male and female specific
pathogen-free Sprague—Dawley rats (200+20 g) were
provided by the Southern Medical University Laboratory
Animal Center (Guangzhou, China; SCXK 2006-0015).
The Bioethics Committee of Southern Medical University
approved all animal procedures, which were in accor-
dance with the National Institutes of Health (NIH) guide-
lines for the care and use of laboratory animals.

Isolation, Purification, and Labeling of BMSCs

Three 6-week-old male specific pathogen-free Sprague—
Dawley rats were killed by cervical dislocation and
soaked in 75% ethanol for 5 min (9,24). The femur and
tibia were removed under aseptic conditions, washed
with sterile phosphate-buffered saline (PBS, Boster,
Wuhan, China), and cut at both ends to gain access to
the marrow cavity. The bone marrow was flushed out
from the marrow cavity by forcing culture medium
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[Dulbecco’s modified Eagle’s medium supplemented
with L-tryptophan (L-DMEM) containing 10% fetal
bovine serum, both Gibco/Invitrogen, Carlsbad, CA,
USA] using a 1-ml syringe (Jiangxihongda, Nanchang,
China). Culture medium containing bone marrow cells
was centrifuged at 1,500x g for 5 min, and the super-
natants were discarded. Cell pellets were resuspended
in L-DMEM containing 10% fetal bovine serum, plated
in plastic tissue culture dishes (Corning, Corning, NY,
USA), and cultured in a humid atmosphere with 5% CO,
at 37°C. The culture medium was changed 72 h after plat-
ing and every 2-3 days thereafter.

For 5-(6)-carboxyfluorescein diacetate succinimidyl
ester (CFSE, Invitrogen) labeling, BMSCs at passages
4-5 were cultured in serum-free medium for 12 h. After
removing the culture medium, 5 uM CFSE (diluted in
0.1 M PBS) was added and allowed to incubate at 37°C
for 15 min. Following CFSE removal, fresh culture
medium was added, and the cells were further incubated
at 37°C for 30 min.

Immunocytochemistry

BMSCs at passage 3 were seeded in 12-well plates
(Corning) at a density of 4-5x10° cells per well. When
cells were 90% confluent, the medium was aspirated out,
and cells were rinsed with PBS three times. Cells were
then fixed in 4% paraformaldehyde (PFA) for 10 min,
permeabilized with 0.5% Triton X-100 for 15 min, and
blocked with 1% bovine serum albumin (BSA; all Sigma,
St. Louis, MO, USA) for 30 min at room temperature.

Following incubation with a primary antibody [rabbit
anti-rat cluster of differentiation 44 (CD44) polyclonal
antibody, 1:10; mouse anti-rat CD90 monoclonal anti-
body, 1:100; rabbit anti-rat CD29 polyclonal antibody,
1:200; or rabbit anti-rat CD80 polyclonal antibody, 1:100;
all from Abcam, Cambridge, UK] at 37°C for 2 h, cells
were rinsed with PBS. Incubation with a secondary anti-
body followed (fluorescently labeled goat anti-rabbit
IgG, 1:200; donkey anti-mouse IgG, 1:200; goat anti-
rabbit IgG, 1:200; or goat anti-mouse IgG, 1:200; all from
Invitrogen) at room temperature for 1 h. After washing
with PBS, cells were counterstained with Hoechst 33258
(1:500; Sigma) for 10 min, washed again with PBS,
mounted, and examined via fluorescence microscopy.

Wound Healing Model

Rats were anesthetized by an intraperitoneal injection
of 10% chloral hydrate (w/v; 0.003 ml/g body weight;
Sigma). After the dorsal hair was depilated using a honey
and wax mixture (Mayllice; CP-WAX Srl, Piacenza, Italy),
a 1 x1-cm square was delineated on the skin with Skin
Marker (SM10; Kearing, Shanghai, China); then full-
thickness skin wounds 1 cm? in area were created on the
dorsal right and left shaved skin with sterile scissors along
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the square after povidone—iodine disinfection (Hengjian,
Guangzhou, China). After wound creation and recovery,
the rats were given free access to food and water.

Rats were randomly divided into four treatment groups
and 0.4 ml PBS (vehicle control), 10 ng/ml activin B
(R&D Systems, Minneapolis, MN USA), 6-8 x 10%ml
BMSCs, or 10 ng/ml activin B +6-8 x 10°/ml BMSCs was
applied to the site surrounding the wound once daily on
days 1-3 after wounding. Wound areas were measured
photographically every day after wounding, and the rate
of wound closure was calculated as wound closure rate
(%)= [(original wound area—open area on final day)/
original wound area] x 100% (52).

Hematoxylin and Eosin (H&E) Staining
and Histological Evaluation

On postoperative days 3, 7, and 14, the complete
wound with a 0.5-cm margin was carefully removed,
rinsed in PBS, fixed in 4% PFA, rinsed again in PBS,
dehydrated in a graded ethanol series, cleared in dim-
ethylbenzene (Boster), and embedded in paraffin. Five-
micrometer sections were prepared, deparaffinized in
dimethylbenzene, and rehydrated. The samples were
divided in half between the longest and the shortest diam-
eters of the wound, and the wound section parallels the
anterior—posterior axis of the mouse. For histologi-
cal assessment, we cut serial sections (0.5 pm), and for
each adjacent pair, taken from the wound center or mar-
gin, one section was stained with hematoxylin and eosin
(H&E; MaiXin-Bio, Fuzhou, China) in accordance
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with standard procedures and the other with Masson’s
trichrome staining (MaiXin-Bio, Fuzhou, China) (12) and
fibroblast-specific protein (FSP-1) (Millipore, Billerica,
MA, USA) and CD31 (R&D Systems). Histological
evaluation of wound healing was made in accordance
with the criteria listed in Table 1. From each group at dif-
ferent time points were selected five samples for epider-
mal layer and basal cell layer evaluation or high-power
field (20x for capillary; 40x for fibroblast vessels). The
immunohistochemistry-positive cells/area, mm?*=positive
cell number/high-power field area.

Phallotoxin Staining

BMSCs at passage 4 were seeded in 24-well plates
(Corning) with one coverslip (Fisher Scientific, Shanghai,
China) in each well at a density of 4 x 10° cells/well. Cells
were serum starved for 12 h and divided into eight treat-
ment groups. The negative and positive control treatments
consisted of incubation in DMEM containing PBS, and
10 ng/ml activin B, respectively. The six experimental
treatments consisted of 30-min incubations in one of three
inhibitors (each at 5 uM), followed by incubation in either
DMEM or 10 ng/ml activin B in DMEM. The three inhibi-
tors were the JNK-specific inhibitor SP600125 (Santa Cruz,
Dallas, TX, USA), the p38-specific inhibitor SB202190
(Santa Cruz), and the extracellular signal-regulated kinase
(ERK)-specific inhibitor SL.327 (Santa Cruz).

At 30, 120, 240, or 360 min after treatment, coverslips
were removed, and cells were fixed in 4% PFA, permea-
bilized with 0.1% Triton X-100 for 5 min, blocked with

Table 1. Criteria for Histological Evaluation of Cutaneous Wound Healing (1,7,8)

Project Scores Evaluation
Epidermal layer 1+ Thin, a small part of wound repaired
2+ Thick, wound partially repaired
3+ Epidermal keratinization, epidermal layer repaired
Basal cell layer 1+ Basal cells are not obvious and are disorderly
2+ Basal cells tend to be columnar and close together
3+ Basal cells are columnar and are closely arranged in a single layer
Granulation 1+ Thin granular layer: 0-30/Hp* of fibroblasts, collagen fibers
tissue thickness without direction
2+ Moderate granulation layer: 30-50/Hp of fibroblasts, collagen
fibers arranged orderly
3+ Thick granulation layer: 50-80/Hp of fibroblasts, a large amount
of collagen fibers arranged orderly
4+ Very thick granulation layer: more than 80 Hp of fibroblasts,
excessive collagen fibers
Angiogenesis 1+ Altered angiogenesis (0-2 vessels per site)
2+ Few newly formed capillary vessels (3—6 per site)
3+ Newly formed capillary vessels (7-10 per site)
4+ Newly formed and well-structured capillary vessels (10 per site)

vertically disposed toward the epithelium and at the wound margins

*Note: Hp: 40x; 1+, 2+, 3+, and 4+ means 0.5 to 1.5, 1.5 t0 2.5, 2.5 to 3.5, and 3.5 to 4.5.
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1% BSA for 20 min at room temperature, and stained
with phallotoxins (phalloidin; Invitrogen). After washing
with PBS, cells were counterstained with Hoechst 33258
(dilution 1:500) for 10 min, washed again with PBS,
mounted, and examined by fluorescence microscopy.

Scratch Wound Healing Assay

BMSC:s at passage 4 were seeded in 12-well plates at
a density of 4-5x 10° cells per well. When cells grew to
90% confluence, the medium was aspirated away, and
cells were serum starved for 12 h. Cells were divided into
eight groups and treated as described above. A scratch
wound was created with a micropipette tip. The wounds
were photographed at 0, 12, 24, 36, 48, 60, and 72 h after
wounding. Assays were performed in quadruplicate.

Transwell Migration Assay

BMSCs at passage 4 were serum starved for 12 h, resus-
pended in serum-free medium, and adjusted to a density
of 1x10° cells/ml. One hundred microliters of BMSCs
was placed in the upper chamber of Transwell plates
(Corning, Corning, NY, USA). Serum-free L-DMEM,
with or without activin B, was added to the lower cham-
ber. Prior to the addition of BMSCs, preheated serum-
free L-DMEM (300 pl) was added to the upper chamber
and allowed to incubate for 1 h at 37°C. After BMSCs
were incubated for 24 h at 37°C, migrated cells were col-
lected from the lower chambers, stained with crystal vio-
let (Beyotime, Haimen, China), photographed (20x), and
from each group was selected five samples for counting.

Western Blot

BMSCs at passage 4 were serum starved for 12 h,
washed twice with Hank’s solution (Beyotime) at 37°C,
and cultured in DMEM containing either PBS or 10 ng/ml
activin B. At 10, 30, or 120 min after treatment, cells were
harvested and used to prepare total protein lysates. Total
protein contents were determined with the bicinchoninic
acid assay (Beyotime).

Twenty-five micrograms of protein from each
sample was resolved via 5% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE; Fdbio
Science, Hangzhou China) and transferred to poly-
vinylidene fluoride membranes (Millipore). The blots
were blocked with 5% skim milk (Genebase, Guangzhou,
China) and incubated with a primary antibody: p-JNK
(1:5,000; Promega, Madison, WI, USA) p-ERK or p-p38
(1:1,000; Cell Signaling Technologies, Danvers, MA,
USA) at 4°C overnight, followed by incubation with a
secondary antibody (Cell Signaling Technologies) for
1 h at room temperature. Antibody binding was detected
using an enhanced chemiluminescence kit (Millipore).
The blots were then incubated in a commercial stripping
solution (Pierce protein; Thermo, Rockford, IL, USA) for
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10 min and reprobed with antibodies against JNK, ERK,
and p38 (1:1,000; Cell Signaling Technologies).

The bands were quantified using Quantity One soft-
ware (Bio-Rad, Hercules, CA, USA) by measuring the
band intensity.

Statistical Analyses

Statistical analyses were performed using SPSS13.0
software (IBM, Armonk, NY, USA). Data were expressed
as mean=standard deviation. Wound closure rate was
evaluated by single factor repeated measurement. If there
was an interaction effect between time and group, the
data would be evaluated by separate effects analysis, and
if there was no interaction effect between time and group,
they would be evaluated by repeated measures analysis
in the group and by one-way ANOVA among the groups
as well, and then the post hoc tests after ANOVA were
least-significant difference (equal variances assumed)
and Dunnett’s T3 (equal variances not assumed). The
histological evaluation of cutaneous wound healing and
the band relative intensity were compared using factorial
analysis. As mentioned above, if there was an interaction
effect between time and group, they would be evaluated
by separate effects analysis, and if there was no interaction
effect between time and group, they would be evaluated
by independent-samples ¢ test or one-way ANOVA, and
then the post hoc tests after ANOVA were least-significant
difference (equal variances assumed) and Dunnett’s T3
(equal variances not assumed). The number of BMSCs/
mm? (SE) was evaluated by independent samples 7 test.
Differences were significant with p<0.05.

RESULTS
Activin B Promotes BMSC-Mediated Wound Healing

To test our hypothesis that activin B can improve
BMSC-mediated wound healing, we first created a full-
thickness wound healing model in rats. BMSCs were
identified based on reported criteria such as the pres-
ence of CD90*, CD44+*, CD29*, and CD80~ (6,33,39,47).
We then evaluated whether activin B promotes BMSC-
mediated wound healing by applying PBS, activin B,
BMSCs, or activin B plus BMSCs to wound sites and
monitoring wound closure. Compared with PBS, activin
B, or BMSCs, activin B plus BMSCs significantly pro-
moted wound healing (Fig. 1A). On days 7 and 14 after
treatment, the rates of wound closure were significantly
higher in the activin B plus BMSC group than in the PBS,
BMSC, and activin B groups (Fig. 1B).

Qualitative data regarding histological evaluation
according to the criteria in Table 1 (1,7,8) at day 14 are
shown in Figure 2. Compared with other groups, in the
BMSC plus activin B group on day 7, the epidermal
layers were thicker, and most of the basal cells tended
to be columnar and close together. Also, newly formed
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Figure 1. Activin B promotes BMSC-mediated wound healing. After wounding, four groups of rats were administered phosphate-
buffered saline (PBS), activin B (Act B), bone marrow-derived mesenchymal stem cells (BMSCs), and Act B+BMSCs, respectively.
The wound healing status was monitored every day, and wound closure rate was calculated. (A) Representative images taken at the
indicated time points after wounding. (B) Comparison of the rate of wound closure among the four groups (n=6).
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Figure 2. Time course of histological scores in treatment groups. Each point represents the mean=+SD histological score of five experi-
ments. On days 3, 7, and 14, sections 5 pm thick of paraffin-embedded tissues were mounted on glass slides and stained with hematoxy-
lin and eosin (H&E) and fibroblast-specific protein 1 (FSP-1) and/or cluster of differentiation 31 (CD31) by immunohistochemistry to
identify fibroblasts and angiogenesis for the histological evaluation of granulation tissue thickness and angiogenesis (data not shown).
The parameters measured were epidermal layer (A) and basal cell layer (B), granulation tissue thickness (C), and angiogenesis (D). The
margins of the wound in each of the sections, as well as normal control wounds, were used as comparisons for scoring (Table 1).
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capillary vessels were observed in greater numbers com-
pared with other groups in the dermis of the entire wound
area on day 7. On day 12, the wound reepithelialization
was completed in the BMSC plus activin B group. On
day 14, in the BMSC plus activin B group, the epider-
mal layers showed keratinization; most basal cells were
columnar in a single and closely arranged layer. Dermal
regeneration was characterized by thick granulation tissue
rich in more than 50/Hp of fibroblasts and a large number
of collagen fibers arranged in order. However, there was
no significant difference in the number of newly formed
capillary vessels among the four groups (Fig. 3A2-D2).
In the activin B and BMSC groups on day 14, the wound
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reepithelialization was completed, but in the PBS group,
epidermal elongation only speeded over 83+3% of the
wound surface (Fig. 3A—C). Unlike the PBS and BMSC
groups, regeneration of hair follicles was observed in the
activin B and combination groups (Fig. 3A1-D1).

We next examined wound healing in rats transplanted
with CFSE-labeled BMSCs using an in vivo imager.
On days 3 and 7 after cell transplantation, CFSE green
fluorescence was detected (CFSEY) in rats administered
with BMSCs alone or in combination with activin B, but
not in those administered with activin B or PBS. In fro-
zen sections, CFSE* BMSCs had been incorporated into
wound sites on day 3 (Fig. 4). On day 7, CFSE* BMSCs

At,;t B 14days

e

Figure 3. H&E staining of the skin tissues surrounding wound sites showed wound reepithelialization and hair follicle regeneration
on day 14 postwounding. (A) Red arrows indicate the position in the epithelial edge (A1). Representative images for the different treat-
ment groups: (A) PBS, (B) Act B, (C) BMSCs, and (D) BMSCs +Act B. The black dotted line shows the edge of granulation tissue, red
dotted line shows the reepithelialization of epithelial, and black arrows indicate the hair follicle and glands in the wound site. Insets of
main figures represent (1) wound reepithelialization and (2) granulation tissue.
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Figure 4. BMSCs participate in cutaneous wound healing. CFSE [5-(6)-carboxyfluorescein diacetate succinimidyl ester]-labeled
BMSCs were administered to the wound sites in rats of different treatment groups for 3 consecutive days. On days 3 and 7 after admin-
istration, CFSE-labeled BMSCs (arrow) were observed with an in vivo imager or examined by fluorescence microscopy of frozen
sections, gray dotted line show the reepithelialization of the epithelium.

had disappeared from the wound sites and migrated to
the wound margin in rats administered with BMSCs plus
activin B. In contrast, some CFSE* BMSCs were still
observed at wound sites in rats administered with BMSCs
without activin B. Taken together, these data suggest that
combined activin B and BMSCs could not only promote
wound reepithelialization and healing but also stimulate
the regeneration of hair follicles.

Activin B Promotes BMSC Migration Possibly
by Inducing Actin Stress Fiber Formation

The cytoskeleton comprises three principal polymer
systems: microtubules, microfilaments, and intermediate
filaments. Microfilaments are composed of actin protein
and have a crucial role in cell migration and contraction
(21). To investigate whether activin B regulates actin

stress fiber formation in BMSCs, we examined the dis-
tribution and formation of actin stress fibers in BMSCs
treated with activin B by phallotoxin (phalloidin) stain-
ing. Actin stress fibers were mainly distributed along the
membrane, 30 min after treatment (Fig. SA). At 2 and
4 h, numerous actin stress fibers were arranged across the
cell bodies. At 6 h, only a few actin stress fibers were
seen at the periphery of cells. In contrast, the distribu-
tion and number of actin stress fibers showed no signifi-
cant changes throughout the process in PBS-treated cells.
Apparently, activin B induced actin stress fiber formation
in BMSCs.

Since actin polymerization is very important in cell
migration (21), we next examined the impact of activin
B on the migration of BMSCs with the scratch wound
healing and Transwell migration assays. Many BMSCs
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Figure 5. Activin B induces actin stress fiber formation and BMSC migration. (A) Activin B induces actin stress fiber formation in
BMSCs. BMSCs were serum starved for 12 h and treated with10 ng/ml activin B for 0.5, 2, 4, or 6 h. After treatment, phallotoxin stain-
ing (phalloidin) was performed to stain actin. Nuclei were counterstained with Hoechst 33258. (B) Activin B promoted the migration
of BMSCs to the scratch wound. BMSCs were serum starved for 12 h and treated with 10 ng/ml activin B or PBS. A scratch wound
was then created. At 72 h after wounding, the wounds were photographed. (C) Analysis of activin B treatment on BMSC migration by
Transwell migration assay. BMSCs treated with activin B or PBS were subjected to Transwell migration assays. Six visual fields (40x)
were randomly chosen from each group to compare the number of cells that migrated into the lower chamber.

treated with 10 ng/ml activin B migrated to the scratch
wound 72 h after the scratch, while few PBS-treated
BMSCs were found in the scratch wound (Fig. 5B). In
the Transwell migration assay, the number of cells that
migrated to the lower chamber was significantly higher
in BMSCs treated with 10 ng/ml activin B than in PBS-
treated BMSCs (Fig. 5C). Taken together, these data sug-
gest that activin B induces actin stress fiber formation and
BMSC migration.

Activation of INK and ERK, But Not p38, Was Required
for Activin B-Induced Actin Stress Fiber Formation
and BMSC Migration

The MAPK signaling pathway plays a key role in
the regulation of cell migration and wound healing
(17,20,41,46). To examine whether the MAPK signal-
ing pathway is involved in activin B-induced BMSC
migration, we determined the phosphorylation status of
JNK, ERK, and p38 in BMSCs treated with 10 ng/ml
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activin B or PBS. The levels of JNK and ERK phos-
phorylation were significantly increased 10 min after
activin B treatment and reached maximum at 30 min
(Fig. 6A, B). Two hours later, JNK phosphorylation
returned to baseline, and ERK phosphorylation slightly
decreased from the peak. In contrast, p38 phosphory-
lation showed no significant changes after activin B
treatment (data not shown).

$
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To further determine whether JNK and ERK signal-
ing mediates activin B-induced actin stress fiber for-
mation and BMSC migration, specific inhibitors were
used to treat BMSCs, 2 h after activin B treatment. Both
SP600125, a specific inhibitor of JNK, and SL327, a
specific inhibitor of ERK, significantly inhibited activin
B-induced actin stress fiber formation (Fig. 7A). In con-
trast, the p38-specific inhibitor SB202190 showed no
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Figure 6. Activin B stimulates JNK and ERK phosphorylation in BMSCs. BMSCs were serum starved for 12 h and treated with
10 ng/ml activin B for 10, 30, or 120 min. Total protein extracts were prepared and analyzed by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) and Western blot to detect the phosphorylation levels of c-JUN NH2-terminal protein kinase (JNK)
and extracellular signal regulated kinase (ERK). (A) Representative Western blot images for JNK and ERK. (B) Densitometric analysis

of Western blots compared by ¢ test.
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significant impact. Similar results were also obtained in
the scratch wound healing assays. Many BMSCs treated
with combined activin B and SB202190 had migrated to
the scratch wound 72 h after the scratch, but there were
very few PBS-treated BMSCs, BMSCs treated with com-
bined activin B and SP600125, or those treated with com-
bined activin B and SL.327 in the scratch wound (Fig. 7B).
Collectively, these data suggest that activation of JNK
and ERK, but not p38, is required for activin B-induced
actin stress fiber formation and BMSC migration.

DISCUSSION

Faster healing and better healing quality are two chal-
lenging issues for researchers in the fields of wound heal-
ing and tissue regeneration. Fast wound healing reduces
the incidence of many wound complications, while good
healing quality ensures the restoration of anatomical con-
tinuity and functional integrity of the wounded tissue.
Thus, the development of better strategies for promoting
wound healing is of great clinical importance.

BMSCs can not only be transplanted and have low
immunogenicity, but they also possess immunomodulatory
properties (22,23,28,38). As seeder cells, BMSCs can dif-
ferentiate into multiple cell and tissue types and participate
in cutaneous wound healing (36). In addition, they secrete
biologically active substances like cytokines, which can
improve the wound microenvironment and promote wound
healing (5,27,34). However, BMSCs must migrate to
wound sites before they can be involved in the repair pro-
cess, and the ability of BMSCs to migrate to injured tissues
has been demonstrated in many previous studies (2,10,45).
We examined the impact of combined administration of
BMSCs and activin B on wound healing in a rat model in the
present study. We found that activin B did indeed promote
BMSC-mediated wound healing in vivo. In addition, our
in vitro results indicated that activin B induced actin stress
fiber formation and cell migration in BMSCs. Activation
of JNK and ERK, but not p38, was required for activin
B-induced actin stress fiber formation and BMSC migra-
tion. Taken together, these findings suggest that activin B
regulates BMSC-induced cell migration in wound healing
through the JNK-ERK signaling pathway.

As BMSCs highly express activin receptors on their
surface, and activin B can promote wound healing,
reduce the formation of hypertrophic scars, and improve
healing quality (15), we hypothesized that activin B could
promote BMSC-mediated wound healing. In this study,
we found that combined administration of BMSCs and
activin B significantly accelerated wound healing and
promoted hair follicle regeneration. Moreover, we found
that activin B promoted BMSC migration, possibly by
inducing actin stress fiber formation. Consistent with our
results, a previous study showed that TGF-B could pro-
mote migration of BMSCs into vascular smooth muscle
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cells in a rat carotid injury model (48). Taken together,
these findings suggest that combined administration of
seeder cells and cytokines represent a feasible strategy
for improving healing velocity and quality.

Currently, multiple cell signaling pathways have
been implicated in the regulation of BMSC migration.
The migration of MSCs in response to a tumor cell-
conditioned medium requires stromal cell-derived factor
1 (SDF1)-mediated activation of signal transducers and
activators of transcription 3 (STAT3) and focal adhe-
sion kinase (FAK) (13). Sphingosine-1-phosphate (S1P)-
induced mobilization of BMSCs needs the cooperation of
matrix metalloproteinases with the RhoA/Rho-kinase and
mitogen-activated protein kinase kinase-1 (MAPKK1)/
ERK signaling pathways (26). In addition, in our previous
studies, we demonstrated that activin/TGF-f3 controls actin
cytoskeleton reorganization and epithelial cell migration
in vitro through the MAPK pathway, and activin B regu-
lates wound healing in vivo through the RhoA—JNK path-
way (50). In this study, we found that activation of JNK
and ERK, but not p38, is required for activin B-induced
actin stress fiber formation and BMSC migration. These
data highlight the complex pleiotropic mechanisms by
which BMSC migration is regulated.

In conclusion, the present study showed the beneficial
effect of activin B in BMSC-mediated wound healing. In
addition, we found that activin B promoted BMSC migra-
tion, possibly by inducing actin stress fiber formation via
the ERK and JNK signal pathways. Combined admin-
istration of BMSCs and cytokines may be a promising
therapeutic strategy for the management of wounds.
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