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ARTICLE INFO ABSTRACT

Bone marrow-derived mesenchymal stem cells (BMSCs) exhibit potential regenerative effects on the injured
brain. However, these effects are constrained by their limited ability to migrate to the injured site. Oncostatin M
(OSM) has been shown to affect the proliferation and migration of mesenchymal stem cells. Therefore, in the
present study, we explored whether OSM improves BMSC migration and secretion of growth factors and cyto-
kines in a rat middle cerebral artery occlusion (MCAO) stroke model. The effect of OSM on the proliferation and
apoptosis of rat BMSCs was first assessed in vitro, and the gene and secretion levels of factors related to cell
nutrition and migration, such as SDF-1 and VEGF, were detected. To further explore underlying pathways
triggered by OSM, BMSCs were treated with OSM in the presence or absence of inhibitors of the STAT3 and ERK
pathways. Effects of OSM on SDF-1 expression in astrocytes and BMSC migration were also evaluated. In the rat
MCAO model, OSM secretion levels were detected in the brain for up to 72 h after model establishment. Ventricle
injection of OSM alone or OSM combined with caudal vein graft of BMSCs was then performed in MCAO stroke
rats. After 72 h, production of SDF-1 and grafted BMSCs was detected in the lesion areas of the brain, and the
nerve function score was evaluated. We found that the production of OSM continually increased in the brains of
MCAO rats from 12 h to 72 h. OSM significantly upregulated SDF-1 in BMSCs via the STAT3 and ERK pathways
and significantly promoted the expression of VEGF and MMP-2. OSM also promoted the secretion of SDF-1 in
astrocytes through the STAT3 and ERK pathways to in turn enhance BMSC migration. Combination treatment
with OSM and BMSCs in MCAO rats increased the migration efficiency of BMSCs in the brain, which significantly
improved neurofunctional recovery while reducing the expression of inflammatory mediators and promoting the
secretion of nutrition factors. Overall, these results show that OSM is highly expressed in the brains of MCAO
stroke rats and can upregulate SDF-1 to promote BMSC migration. Thus, combination treatment with OSM and
BMSCs improves the graft efficiency of BMSCs and neurofunctional recovery.
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1. Introduction

Bone marrow-derived mesenchymal stem cells (BMSCs) exhibit
therapeutic potential to have a regenerative effect when transplanted
directly into the injured brain (Lv et al., 2016). The main therapeutic
mechanisms of BMSCs include their anti-inflammatory and im-
munomodulatory properties, induction of the expression of growth
factors and cytokines, vascular effects, and promotion of remyelination

(Caplan and Correa, 2011; Caplan and Dennis, 2006). However, some
studies have demonstrated the low migration efficiency of BMSCs
(Keimpema et al., 2009; Yang et al., 2011), resulting in the failure of
some phase III clinical trials (Ankrum and Karp, 2010).

Stromal cell-derived factor-1 (SDF-1) and its receptor CXC motif
receptor 4 (CXCR4) play an important role in regulating the migration
of BMSCs (Sohni and Verfaillie, 2013). In cerebral ischemia, SDF-1 is
secreted by astrocytes around the infarcted region and attracts stem

Abbreviations: BMSCs, bone marrow-derived mesenchymal stem cells; CXCR4, chemokine (C-X-C motif) receptor 4; IL, interleukin; MCAO, middle cerebral artery
occlusion; OSM, oncostatin M; SDF-1, stromal-derived cell factor-1; mNSS, modified neurological severity score; VEGF, vascular endothelial growth factor
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cells (Imitola et al., 2004). CXCR4 is a chemokine receptor specific for
SDF-1; pretreatment of mesenchymal stem cells (MSCs) with its an-
tagonist inhibits MSC homing into the infarcted area (Wang et al.,
2008). Indeed, modification of the SDF-1/CXCR4 axis with various
drugs or cytokines such as DETA-NONOate (Cui et al., 2007), VPA (Tsai
et al.,, 2011), PEG2 (Hoggatt et al., 2009), and some biomaterials
(Huang et al., 2016; Shi et al., 2016), has been found to enhance the
migration rates of implanted stem cells. In addition,inflammatory cy-
tokines play important roles in the pathogenesis of stroke. For example,
interleukin (IL)-13-knockout mice exhibit markedly reduced brain da-
mage upon middle cerebral artery occlusion (MCAO) (Boutin et al.,
2001), while increased brain damage occurs when IL-13 is administered
to rats (Yamasaki et al., 1995). IL-6 leads to an excessive inflammatory
response, which may increase injury due to stroke (Jin et al., 2013). By
contrast, VEGF is a trophic factor that has acute neuroprotective, neu-
rogenic, and angiogenic effects in post-ischemic brain repair
(Greenberg and Jin, 2013).

Oncostatin M (OSM) belongs to the IL-6 family of cytokines, which
also includes ciliary neurotrophic factor, leukemia inhibitory factor, IL-
11, cardiotrophin-1, and cardiotrophin-like cytokine (Chen and
Benveniste, 2004). OSM exerts many benefits effects in central nervous
system diseases, such as demyelinating disease (Glezer and Rivest,
2010), spinal cord injury (Slaets et al., 2014), and ischemic stroke (Guo
et al., 2015). The main function of OSM is regulation of the astrocytes
and microglia (Baker et al., 2008), maintaining balance in the context
of inflammation and neuroprotection, and enhancing oligodendrocyte
precursor cell activity at demyelinated sites (Janssens et al., 2015;
Beatus et al., 2011; Glezer and Rivest, 2010). Moreover, OSM enhances
the secretion of growth factors and cytokines by BMSCs, and OSM
preconditioning was shown to affect the proliferation and migration of
MSCs (Lan et al., 2017; Albiero et al., 2015).

Therefore, in this study, we explored whether OSM promotes BMSC
migration via SDF-1 along with other trophic and inflammatory factors.
We further examined the potential mechanism underlying the effects of
OSM treatment in increasing the levels of migration-related factors and
the secretion of cytokines to ultimately promote the migration of
BMSCs into the ischemic brain. For this, we evaluated the effects of
OSM on BMSC proliferation, migration, and protein expression in vitro.
We further evaluated the potential therapeutic effects of OSM by
monitoring the migration efficiency of BMSCs alone and in combination
with OSM injected into rats subjected to MCAO.

2. Materials and methods
2.1. Animals

Sprague-Dawley (SD) rats were purchased from the Laboratory
Animal Center of Southern Medical University. The rats were main-
tained under laboratory conditions with free access to a standard diet
and sterile water under a controlled temperature (24 °C). All animal
procedures were performed in accordance with the guidelines of our
institute and were approved by the Animal Ethics Committee of
Southern Medical University.

2.2. MCAO model establishment

SD rats weighing 250-300 g (age 10-12 weeks) were allowed free
access to water but were fasted for 12 h to standardize glycemic state.
Anesthesia was induced by intraperitoneal injection of pentobarbital
(100 mg/kg). Body temperature was maintained at 37 + 0.5 °C using a
heating pad (RWD Life Science, Shenzhen, China). To induce MCAO in
the rats, a 4-0 suture (Covidien, Mansfield, MA, USA) with a round tip
and silicon coating was inserted from the left external carotid artery
into the middle cerebral artery (Yang et al., 1994). The success of the
surgery was verified by detection of surface cerebral blood flow using a
laser Doppler flowmeter (Moor LAB, Moor Instruments, Devon, UK). At
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2 h after insertion of the suture, the rats were re-anesthetized, and the
suture was withdrawn to perform reperfusion. The rats in the control
group underwent a sham operation without suture insertion.

After MCAO, the rats were randomly divided into three groups
(n = 5 rats per group): sham, same operation without suture insertion;
MCAO only; and MCAO + OSM injection via the tail vein.

2.3. Cell isolation and culture

BMSCs were isolated from the bilateral femurs and tibias of SD rats
as previously described (Islam et al., 2012). The cells were collected by
centrifugation at 1000 rpm for 5 min, suspended in Dulbecco's modified
Eagle medium (DMEM)/F-12 supplemented with 10% fetal bovine
serum (FBS) and penicillin/streptomycin (100 U/ml, Gibco, Franklin
Lakes, NJ, USA), and grown at 37 °C in a humidified 5% CO, atmo-
sphere. After 72h, the non-adherent cells were discarded, and fresh
culture medium was added. The culture medium was changed every
3 days, and the cells were passaged at approximately 80% confluence.

Astrocytes were isolated from the brains of newborn (within 24 h of
birth) SD rats as previously described (Hayakawa et al., 2016). The
cerebral cortex was collected under sterile conditions and washed in
cold phosphate-buffered saline (PBS). The meninx and blood vessels on
the surface were carefully removed, and the remaining cerebral cortex
was cut into cubes in serum-free DMEM before digestion in 0.05%
trypsin (Gibco) and DNase I for 10 min at 37 °C. After digestion, the
suspension was centrifuged at 1000 rpm for 5min, and the cells were
resuspended in DMEM supplemented with 10% FBS and penicillin/
streptomycin (100 U/ml). The cells were then incubated at 37 °C in a
humidified atmosphere under 5% CO,; after approximately 1 week, the
cells were separated into two layers: lower astrocytes and upper puta-
tive microglia. The cells were digested in 0.005% trypsin for 5 min, and
then the trypsin was discarded and replaced with fresh medium.

2.4. BMSC transplantation and tracking

The rats were randomly divided into the following three groups
(n = 5 rats per group) after MCAO: MCAO + DMEM, MCAO + BMSCs,
and MCAO + BMSCs + OSM. The transplantation of BMSCs through
caudal vein injection (3 X 10° cells in 1 ml DMEM) was performed 2h
after transient MCAO. The same amount of DMEM without cells was
injected as the control.

To trace the internal migration of the BMSCs toward the lesion site,
transfection was carried out using a green fluorescent protein (GFP)
lentivirus (Obio Technology, Shanghai, China), in accordance with the
manufacturer's instructions. The number of GFP-positive BMSCs was
counted under a fluorescence microscope. In addition, total protein was
collected from each group to measure the expression of IL-1p, IL-6, and
VEGF by western blotting.

2.5. Effect of OSM on the proliferation of BMSCs in vitro

The viability of the BMSCs was evaluated after treatment with OSM
using the CCK-8 Cell Proliferation Assay Kit (ATCC, Manassas, VA, USA)
according to the manufacturer's instructions. In brief, BMSCs (1 x 10*
cells) were seeded in a 96-well plate until adherence and then treated
with OSM for various durations. CCK-8 reagent was then added to the
plates, cells were incubated in the dark at room temperature for 2h,
and the optical density was detected at 450 nm using the iMark mi-
croplate reader (Bio-Rad, Hercules, CA, USA).

Proliferation was also determined using the 5-ethynyl-2’-deoxyur-
idine (EdU) assay with the EdU labeling/detection kit (Ribobio,
Guangzhou, China) according to the manufacturer's instructions. In
brief, 50 umol EdU labeling medium was added to the cell culture and
incubated for 4 h at 37 °C under 5% CO». The cells were then fixed with
4% paraformaldehyde in PBS for 15 min and permeabilized with 0.5%
Triton-X-100 for 20 min, followed by incubation with glycine for 5 min.
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After washing with PBS, the cells were stained with anti-EdU working
solution at room temperature for 30 min. Following a wash with 0.5%
Triton X-100 in PBS, the cells were incubated with 5pg/ml Hoechst
33342 dye at room temperature for 30 min, followed by observation
under a confocal laser-scanning microscope (TCS SP2, Leica
Microsystems, Germany). The percentage of EdU-positive cells was
calculated from four random fields in each well. Each experiment was
repeated three times.

2.6. Apoptosis assay

Quantification of apoptosis was performed using an Annexin V-FITC
Apoptosis Detection Kit (BD Biosciences, San Jose, CA, USA) according
to the manufacturer's recommendations. A total of 1 x 10* cells were
resuspended in 100 pl annexin binding buffer by adding 10 pl annexin
V-FITC and 5 pl propidium iodide. After 30 min of incubation in the
dark, the cells were analyzed by flow cytometry on a Becton-Dickinson
FACS flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA) within
the first hour. This experiment was repeated three times.

2.7. Enzyme-linked immunosorbent assay (ELISA)

BMSCs were treated with or without OSM in the presence or absence
of AG490 or U0126. The levels of SDF-1 were measured using DuoSet
ELISA kits (Elabscience Biotechnology Co., Ltd., Shanghai, China) in
accordance with the manufacturer's instructions. The samples were
centrifuged at 1800 X g at 4 °C for 10 min. All analyses were carried out
in duplicate, using the proposed substrates, buffers, and diluents. Each
experiment was repeated four times, and the final outcomes were
pooled as the average concentration of SDF-1.

2.8. Transwell migration assay

The effect of OSM on the migration ability of BMSCs was assessed
using Transwell chambers, which were 6.5 mm in diameter, with 8-um
nitrocellulose pore filters (Amersham Biosciences, Piscataway, NJ,
USA). In the chemotaxis group, 200 pl of serum-free culture medium
containing 1 X 10° BMSCs was added to the upper chambers, and
800 ul DMEM containing 1 x 10® BMSCs, 50 ng/ml of OSM, and 2%
FBS was added to the lower chambers. In the chemotaxis inhibition
group, 200 pl of serum-free culture medium containing 1 x 10° BMSCs
was added to the upper chambers, and 800l DMEM containing
1 x 10° BMSCs, which had been co-cultured with 10ug/ml of the
STAT3 inhibitor AG490 (S1143) or 10ug/ml of the ERK inhibitor
U0126 (S1102) at 37 °C for 2h, was added to the lower chambers. In
the control group, 200l of serum-free culture medium containing
1 x 10° BMSCs was added to the upper chambers, and 800 pl of DMEM
containing 1 X 10° BMSCs was added to the lower chambers.

The effect of OSM on the chemotaxis ability of astrocytes was also
evaluated in a similar manner. In the chemotaxis group, 200 ul of
serum-free culture medium containing 1 x 10° BMSCs was added to the
upper chambers, and 800 ul of DMEM containing 1 x 10° astrocytes,
50 ng/ml of OSM, and 2% FBS was added to the lower chambers. In the
chemotaxis inhibition group, 200l of serum-free culture medium
containing 1 X 10° BMSCs was added to the upper chambers, and
800 ul of DMEM containing 1 x 10° astrocytes, which had been co-
cultured with 5 pg/ml anti-SDF-1 (ab25117, Abcam, Cambridge, UK) at
37 °C for 2h, was added to the lower chambers. In the control group,
200 ul of serum-free culture medium containing 1 X 10> BMSCs was
added to the upper chambers, and 800 ul of DMEM containing 1 x 10°
astrocytes was added to the lower chambers.

Following incubation for 8 h, the non-migrated cells in the upper
chamber were cleared, and the membranes were fixed with 4% paraf-
ormaldehyde for 30 min. The migrated cells were stained with 5%
crystal violet dye solution (Saichuang Technology, Wuhan, China) for
20 min, washed with PBS, and then photographed under a microscope
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(Eclipse Ti-E/U/S, Nikon, Tokyo, Japan). The average number of mi-
grated BMSCs was determined from five randomly chosen fields by
three blinded observers. Each experiment was repeated at least three
times.

2.9. Immunohistochemistry and Immunofluorescence assays

At 72h after MCAO, the rats were anesthetized and transcardially
perfused with 100 ml cold PBS and 100 ml of 4% paraformaldehyde in
0.1 M PBS. The brains were then removed, post-fixed, and paraffin-
embedded, and consecutive coronal sections were cut at 5-um intervals
from — 2.0 mm of the bregma to —7.0 mm of the bregma to collect the
entire lesioned cortex. For immunohistochemistry, slides with brain
sections were deparaffinized and boiled in 10mM citrate buffer
(pH 6.0) in a microwave to expose the antigens before being blocked
with 10% normal goat serum. The slides were incubated with a primary
antibody against SDF-1 (ab25117, Abcam) at 4 °C overnight, followed
by incubation with with an avidin-biotin-peroxidase system (Boster);
negative controls were stained with the secondary antibody only.
Finally, the slides were stained with diaminobenzidine, and the nucleus
was counterstained with hematoxylin.

To identify SDF1 and GFAP expression in brain tissues or astrocytes,
immunofluorescence staining was used as described previously (Cui
et al., 2007). Each specimen was first treated with primary anti-SDF1
and anti-GFAP [#3670, Cell Signaling Technology (CST), Danvers, MA,
USA] antibodies, then fluorescent Alexa 594-conjugated (A0453) anti-
body was used for SDF-1, while fluorescent Alexa 488-conjugated an-
tibody (A0428) was used for GFAP. Immunofluorescent images were
acquired using a model TCS SP2 confocal laser-scanning microscope
(Leica Microsystems).

2.10. Real-time polymerase chain reaction (PCR)

Total RNA was collected from BMSCs, astrocytes, and brain tissues
using column purification (Qiagen, Gaithersburg, MD) as described
previously (Tang et al., 2014). First-strand cDNA was generated with
random primers using iScript cDNA synthesis kits. Quantitative PCR
was performed using the SYBR Green real-time PCR method(TaKaRa)
on an LC480 PCR instrument (LightCycler® 480 I)using three-stage
program parameters provided by the manufacturer. Each sample was
tested in triplicate, and analysis was performed according to the AACt
method. The primers used for real-time PCR are shown in Table 1.

2.11. Western blotting

Total protein was isolated from BMSCs, astrocytes, and brain tis-
sues, and total protein concentrations were measured with the BCA
Protein Assay Kit (ThermoFisher Scientific, Waltham, MA, USA). The
protein samples (30 mg) were separated by sodium dodecyl sulfate—-
polyacrylamide gel electrophoresis and then transferred onto a poly-
vinylidene fluoride membrane (Millipore Corporation, Billerica, MA,
USA). The membranes were blocked with 5% non-fat milk and 0.05%
Tween-20 at room temperature for 2 h, followed by overnight incuba-
tion at 4°C with rabbit anti-OSM (ab133748, Abcam), p65 (#8242,
CST), p-p65 (#3033, CST), ERK (#4695, CST), p-ERK (#4370, CST),
STAT3 (ab68153, Abcam), and p-STAT3 (ab76315, Abcam) antibodies
(all diluted 1:1000), as well as rabbit anti-SDF-1 (diluted 1:500), VEGF
(19003-1-AP, Proteintech, Rosemont, IL, USA), IL-6 (ab9324, Abcam),
and IL-1f3 (#12703, CST) antibodies. The membranes were then washed
three times and incubated with horseradish peroxidase-conjugated anti-
mouse or anti-rabbit secondary antibodies at a dilution of 1:5000 for 1 h
at room temperature. Finally, an enhanced chemiluminescence detec-
tion reagent (Pierce, Rockford, IL, USA) was used to develop the protein
bands, which were quantified by Quantity one 1-D analysis software
(Version 4.4, Bio-Rad) and normalized to the corresponding GADPH
internal control (60004-1-Ig, Proteintech). All immunoblots were
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Table 1
Real-time PCR primers.
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Gene Forward primer (5-3") Reverse primer (5-3")

GAPDH AGAACATCATCCCTGCATCC CACATTGGGGGTAGGAACAC

SDF1 AGCCTTAAACAAGAGGCTCAAG GTTTGGGCGGAACAACAGAC

VEGF TTCGTCCAACTTCTGGGCTC GCTTTCTGCTCCCCTTCTGT

CXCR4 GGCTGTAGAGCGATGTTTGC GTAGAGGTTGACAGTGTA

CXCR7 CCGCGAGGTCACTTGGTT CAGTGTGTGTCGTAGCCTGT
MMP9 AATCTCTTCTAGAGACTGGGA AGGAG AGCTGATTGACTAAAGTAGCT GGA
MMP2 AGCAAGTAGACGCTGCCTTT CAGCACCTTTCTTTGGGCAC

GAPDH: glyceraldehyde-3-phosphate dehydrogenase.
SDF1: stromal-derived cell factor-1.

VEGF: vascular endothelial growth factor.

CXCR4: chemokine (C-X-C motif) receptor 4.
CXCR?7: chemokine (C-X-C motif) receptor 7.

MMP9: matrix metalloprotein 9.

MMP2: matrix metalloprotein 7.
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repeated at least three times independently, and relative protein ex-
pression is expressed as a ratio to the internal control.

2.12. Therapeutic efficiency
The therapeutic effects of BMSCs with and without OSM in the
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MCAQO rats were assessed using the modified neurological severity score
(mNSS) and foot-fault tests conducted by a blinded investigator before
MCAO and at 7 days after MCAO, as previously described (Lv et al.,
2017). The mNSS is a composite of the motor (muscle status and ab-
normal movement), sensory (visual, tactile, and proprioceptive), and
reflex tests. The rats were evaluated by several tests, such as raising the
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CXCR7, and (E) MMP-9. The data are plotted as the means + SD. ***P < 0.001, n = 3.

rat by the tail, placing the rat on the floor, and beam balance walking,
then all test scores were compiled into the mNSS score. The neurolo-
gical function was graded on a scale of 0-18 (normal score 0, maximal
deficit score 18) (Piao et al., 2018). The infarct areas of different ex-
perimental groups (5 sections/animal) were determined by photo-
micrographs obtained from cresyl violet-stained sections (Franco et al.,
2012). Experiments were repeated five times.

2.13. Statistical analysis

Data are presented as the mean *+ standard deviation of three to
five independent experiments. Data were analyzed with SPSS 20 soft-
ware (SPSS Inc., Chicago, IL, USA). Differences between the two groups
were evaluated by Student's t-test. One-way analysis of variance was
used to analyze the differences of three or more groups. P < 0.05 was
considered to indicate statistical significance.

3. Results

3.1. Effect of OSM on proliferation, apoptosis, and expression of nutrition-
and migration-related factors in BMSCs

To evaluate the effect of OSM on the proliferation and apoptosis of
BMSCs in vitro, CCK8/EdU assays and annexin V-FITC/PI staining with
flow cytometry were performed, respectively. As shown in Fig. 1A,
treatment with different concentrations of OSM had no impact on BMSC
proliferation over time. Further, there was no significant difference in
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apoptosis rates between the OSM-treated group and blank control group
(Fig. 1B; P > 0.05).

The mRNA levels of SDF-1, VEGF, and MMP-2 were significantly
higher in the OSM-treated BMSCs than in control BMSCs (P < 0.01),
whereas there was no significant difference in the expression of CXCR4,
CXCR7, and MMP-9 between the two groups (Fig. 2; P > 0.05).

3.2. OSM enhances SDF-1 expression through the STAT3 and ERK
pathways to promote the migration of BMSCs

Next, we detected whether OSM influenced the migration of BMSCs
by upregulating the expression of SDF-1 through the STAT3 and ERK
pathways. After BMSCs were stimulated by OSM, the STAT3 and ERK
pathways were activated (Fig. 3A-C). Moreover, OSM upregulated the
secretion of SDF-1 in BMSCs, which was inhibited by the STAT3 in-
hibitor AG490 and the ERK inhibitor U0126 (Fig. 3D, E). Finally,
Transwell assays showed that the number of migrating BMSCs was
significantly increased after OSM stimulation and reduced upon treat-
ment with the inhibitor AG490 or U0126 (Fig. 3F).

3.3. OSM upregulates SDF-1 expression via STAT3 and ERK pathways in
astrocytes to promote the migration of BMSCs

We also evaluated the effect of OSM on the migration and expres-
sion levels of astrocytes. As shown in Fig. 4, OSM treatment sig-
nificantly upregulated the production of chemokines such as MCP-1,
CXCL-1, and SDF-1. Specifically, the mRNA expression levels of MCP-1,
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CXCL-1, and SDF-1 in the OSM treatment group were 3.74-fold, 3.47-
fold, and 2.92-fold higher than those in the control group, respectively
(all P < 0.01). In addition, levels of proteins in the STAT3 and ERK
pathways significantly increased upon OSM stimulation. Moreover, the
fluorescence intensity of SDF-1 in the OSM group was significantly
higher than that in the control group. Finally, OSM stimulation of as-
trocytes increased the number of BMSCs migrating to the lower
chamber (P < 0.01); however, after blocking SDF-1 expression with
anti-SDF-1, the number of migrating BMSCs was significantly reduced
(P < 0.05).

3.4. OSM was highly expressed in the brains of MCAO stroke rats

Western blotting showed that protein expression levels of OSM in
the brains of MCAO rats gradually increased over time. OSM expression
peaked at 12h and then remained stable thereafter until 72h (Fig. 5;
P < 0.0001).
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3.5. OSM promotes SDF-1 production in the MCAO rat brain to improve the
effects of BMSC treatment

To evaluate the functional outcome of OSM in BMSC treatment in
MCAO rats, the production of SDF-1 was detected by western blotting,
immunohistochemistry, and immunofluorescence. As shown in
Fig. 6A-C, the expression of SDF-1 was significantly higher in the
OSM + BMSC treatment group than in MCAO model group. Double
immunofluorescence histochemistry also showed higher SDF-1 expres-
sion in the OSM + BMSC treatment group (Fig. 6D). More importantly,
OSM increased the number of migrating BMSCs: the number of GFP-
positive cells in the OSM + BMSC treatment group was significantly
higher than that in the BMSC-only group (Fig. 6E, P < 0.05). Fur-
thermore, the lesion area was significantly reduced in the OSM + BMSC
treatment group (Fig. 6G, P < 0.05), while the mNss score of the
OSM + BMSC treatment group was significantly lower than that in the
BMSC-only group (Fig. 6F, P < 0.05), indicating that the therapeutic
efficiency of BMSCs was enhanced by OSM.
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Fig. 4. OSM enhances the expression of SDF-1 in astrocytes to promote the migration of BMSCs and activated the STAT3 and ERK pathways. Astrocytes were treated
with or without OSM. The protein levels of ERK, p-ERK, STAT3, and p-STATS3 in astrocytes were upregulated (A). The mRNA levels of SDF-1 (B), CXCL-1 (C), and
MCP-1 (D) were upregulated by OSM. The fluorescence intensity of SDF-1 in the OSM group were increased (Scale bar: 40 um) (E). Average number of migrated
BMSCs was increased by OSM and reduced by Anti-SDF-1 (Scale bar: 100 um) (F). The data are plotted as the means + SD. ***P < 0.001, *P < 0.05, n = 5.

3.6. Combination OSM and BMSC treatment reduces the expression of
inflammatory factors and increases the expression of trophic factors

We further explored whether OSM influenced the production of
inflammatory and trophic factors when combined with BMSCs for the
treatment of MCAO in rats. The western blotting results showed that
protein levels of the inflammatory cytokine IL-1 were significantly
lower in the OSM + BMSC treatment group than in the BMSC-only
group, whereas there was no difference in the levels of IL-6 (Fig. 7A). By
contrast, the expression level of VEGF was significantly higher in the
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OSM + BMSC treatment group than in the BMSC-only group (Fig. 7B).

4. Discussion

In this study, we demonstrated that OSM has no effect on the pro-
liferation or apoptosis of BMSCs but increases the expression levels of
SDF-1, VEGF, and MMP-2. Elevated SDF-1 production in turn enhances
BMSC migration. Similarly, OSM upregulates SDF-1 expression in cul-
tured astrocytes, which further promotes BMSC migration. These in
vitro effects were further confirmed to enhance the therapeutic efficacy
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Fig. 5. Production of OSM in the brains of MCAO rats. Total protein was iso-
lated from the cerebral cortex during the first 72h after MCAO and measured
by western blotting. Protein levels of OSM reached the maximum level, and
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Fig. 7. Combination OSM and BMSCs treatment influences the expression of
inflammatory and trophic factors. MCAO rats were treated with or without
BMSCs in the presence or absence of OSM. The protein levels of IL-13 was
significantly reduced in the OSM combined with BMSC treatment group, but no
difference in IL-6 was found(A). The expression level of VEGF was significantly
increased in the OSM combined with BMSC treatment group (B).
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Fig. 6. OSM improves the therapeutic effect of BMSCs to in MCAO rats by promoting SDF-1 production. MCAO rats were treated with GFP-labeled BMSCs in the
presence or absence of OSM. SDF-1 was significantly higher in OSM combined with BMSC treatment group than that in MCAO model group alone, which was
detected by qPCR (A), western blotting (B), immunohistochemistry (Scale bar: 100 um) (C), and double immunofluorescence histochemistry (Scale bar: 40 um) (D).
Numbers of GFP-labeled BMSCs, were significantly higher in OSM combined with BMSC treatment group, which was detected by fluorescence microscopy (Scale bar:
100 pm) (E). The mNss of the rats in each group, which as evaluated at on Dayl and Day 7 shows lower scores of OSM combined with BMSC treatment group (F).

While Lesion areas was significantly reduced in OSM combined with BMSC treatment group(G) (Scale bar: 100 pm) (G). The data are plotted as the means * SD.
**pP < 0.01, *P < 0.05,n = 5.

56



J. Han et al.

of BMSCs in a rat MCAO model, in which OSM increased SDF-1 ex-
pression in the ischemic brains of MCAO rats. Treatment with a com-
bination of OSM and BMSCs enhanced BMSC migration into the is-
chemic brain and improved neurobehavioral outcomes. In addition, the
combination therapy further inhibited pro-inflammatory cytokine
generation while promoting trophic factor secretion.

SDF-1 is an important factor in the migration of stem cells in the
injured brain, and astrocytes are some of the most prominent producers
of SDF-1 in the inflamed central nervous system (Blazevski et al., 2015;
Luo et al., 2016). Therefore, some researchers have attempted to en-
hance the migration of stem cells by upregulating SDF-1 expression in
astrocytes. For instance, treatment with DETA-NONOate was shown to
increase SDF-1 expression in astrocytes and the ischemic brain, which
in turn promoted BMSC migration (Cui et al., 2007). Moreover, some
inflammatory cytokines, such as tumor necrosis factor-alpha (Blazevski
et al., 2015) and IL-1P (Peng et al., 2006), can induce the production of
SDF-1 by astrocytes. OSM has also been found to be produced in the
context of inflammation, which may be an inducer of SDF-1. In previous
studies, OSM was shown to increase breast cancer cell detachment and
invasive capacity (Queen et al., 2005) and stimulate SDF-1 expression
in human MSCs (Lee et al., 2007). OSM was also shown to induce the
activation of STAT3 and ERK pathways in cultured astrocytes
(Moidunny et al., 2016), and we indeed found that OSM upregulated
SDF-1 expression in astrocytes, resulting in a greater number of mi-
grating BMSCs. Treatment of astrocytes with anti-SDF-1 partially ab-
rogated the OSM-induced migration of BMSCs. Although OSM expres-
sion has previously been shown to be induced in inflammatory
responses to stimuli, such as lipopolysaccharide (Patel et al., 2013),
granulocyte macrophage-colony stimulating factor (Elbjeirami et al.,
2011; Pothoven et al., 2017), or PEG2 (Ganesh et al., 2012), little is
known regarding the expression of OSM in ischemia reperfusion injury
(Zhang et al., 2015; Sun et al., 2015). In vivo, OSM has been shown to
be upregulated after spinal cord injury and may promote the functional
recovery of mice with spinal cord injury (Slaets et al., 2014). OSM also
confers neuroprotection against MCAO stroke (Guo et al., 2015) as well
as BMSCs (Zhang and Zhao, 2014). In previous studies, researchers
have investigated the additive therapeutic effects of combination
treatment with drugs and BMSCs in stroke. For example, combination
simvastatin and BMSC treatment upregulates the SDF1/CXCR4 axis,
enhances BMSC migration into the ischemic brain, amplifies
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Fig. 8. Schematic diagram of the effects of OSM on
BMSCs directly or through astrocytes, and the com-
bined effects of OSM and BMSCs in the MCAO stroke
model. Following stimulation with OSM, astrocytes
secrete SDF-1, which induces greater numbers of
BMSCs to migrate into the injured brain. Meanwhile,
OSM upregulates the expression of SDF-1, VEGF, and
MMP-2 in BMSCs, and the enhanced SDF-1 also
promotes the migration of BMSCs into the injured
brain.

arteriogenesis and angiogenesis, and improves functional outcomes
after stroke (Cui et al., 2009). BMSCs combined with oxiracetam can
promote the recovery of neurologic function in MCAO rats, and the
effect of combination treatment was better than that with BMSCs alone
(Wang et al., 2014). In accordance with these reports, we found that
OSM was upregulated in the brains of MCAO rats and that OSM treat-
ment of MCAO rats increased endogenous SDF-1 expression of injured
brain. Combination treatment with OSM and BMSCs increased the
number of engrafted BMSCs compared with that in the BMSC mono-
therapy group, and this was significantly correlated with elevated SDF-
1 expression to markedly improve functional outcomes in MCAO stroke
rats.

Proinflammatory cytokines such as IL-13 and IL-6 are produced
mainly by microglia (Shieh et al., 2014) and astrocytes (Nookala and
Kumar, 2014), which in turn activate glial cells, inducing further cy-
tokine production and astrogliosis (Zhang et al., 2013). MSCs have been
shown to decrease the expression levels of proinflammatory cytokine
genes in the context of traumatic brain injury (Drommelschmidt et al.,
2017) and stroke (Lv et al., 2017). OSM was shown to decrease the
levels of IL-1B (Dumas et al., 2012) but increase levels of IL-6 in as-
trocytes (Van Wagoner et al., 2000) or human cerebral endothelial cells
(Ruprecht et al., 2001), which are not found in BMSCs. Similarly, we
demonstrated that combined treatment with OSM and BMSCs sig-
nificantly decreased the IL-1f expression level but had only a slight
effect on IL-6, which may be related to opposing effects of OSM and
BMSCs on IL-6 expression. Moreover, combination treatment sig-
nificantly increased the secretion levels of trophic factors such as VEGF
and SDF-1. Thus, we speculate that the detailed mechanism underlying
this protection may partially involve the upregulation of VEGF by OSM
in BMSCs, as well as the downregulation of proinflammatory cytokines
after combined therapy (Fig. 8). However, the specific involvement of
these and other factors (e.g., VEGF, MMP-2, CXCL1, and MCP-1) in this
mechanism will need to be explored in future studies.

In conclusion, our study indicates that OSM stimulates BMSCs and
astrocytes to produce higher levels of SDF-1, which promotes the mi-
gration of BMSCs to injured brain areas, possibly by regulating STAT3
and ERK signaling pathways. Ultimately, the combination of OSM with
BMSCs enhanced the efficacy of BMSC-based therapy for MCAO stroke.
Taken together, the results of this study demonstrate the importance of
examining OSM as a strategy for future drug development. The
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administration of OSM combined with BMSCs exhibits dual neuropro-
tective effects in ischemic stroke, emphasizing the potential translation
of OSM combined with BMSCs into clinical therapies for central ner-
vous system injury, such as ischemic stroke and brain trauma.
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