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Abstract. Spinal cord injury (SCI) remains a global challenge 
due to limited treatment strategies. Transcranial magnetic stim‑
ulation (TMS), bone marrow mesenchymal stem cell (BMSC) 
transplantation and downregulation of Raf/MEK/ERK 
signaling effectively improve SCI. The combination of BMSCs 
and TMS displays synergistic effects on vascular dementia. 
However, whether TMS displays a synergistic effect when 
combined with BMSC transplantation or Raf inhibitor (RafI) 
therapy for the treatment of SCI is not completely understood. 
The present study aimed to compare the therapeutic effect of 
monotherapy and combination therapy on SCI. In the present 
study, 8‑week‑old female Sprague Dawley rats were used 
to establish a model of SCI using the weight‑drop method 
followed by treatment with monotherapy (TMS, BMSCs or 
RafI) or combination therapy (TMS+BMSCs or TMS+RafI). 
The effect of monotherapy and combination therapy on loco‑
motor function, pathological alterations, neuronal apoptosis 
and expression of axonal regeneration‑associated factors and 
Raf/MEK/ERK signaling‑associated proteins in the spinal 
cord was analyzed by Basso, Beattie and Bresnahan (BBB) 
scoring, hematoxylin and eosin staining, TUNEL‑neuronal 
nuclei (NeuN) staining and immunofluorescence or western 
blotting, respectively. The results demonstrated that compared 
with untreated SCI model rats, monotherapy significantly 

enhanced locomotor functional recovery, as evidenced by 
higher BBB scores, and slightly alleviated histopathological 
lesions of the spinal cord in SCI model rats. Furthermore, 
monotherapy markedly suppressed neuronal apoptosis and 
promoted axonal regeneration, as well as inhibiting astroglial 
activation in SCI model rats. The aforementioned results 
were demonstrated by significantly decreased numbers of 
apoptotic neurons, markedly decreased expression levels of 
glial fibrillary acidic protein (GFAP), significantly increased 
numbers of NeuN+ cells, markedly increased expression levels 
of growth‑associated protein 43 (GAP‑43) and significantly 
upregulated nerve growth factor (NGF) and brain derived 
neurotrophic factor (BDNF) expression levels in monotherapy 
groups (excluding the RafI monotherapy group) compared 
with untreated SCI model rats. In addition, monotherapy mark‑
edly suppressed activation of the Raf/MEK/ERK signaling 
pathway, as evidenced by significantly reduced p‑Raf/Raf, 
p‑MEK/MEK and p‑ERK/ERK protein expression levels 
in monotherapy groups (excluding the BMSC monotherapy 
group) compared with untreated SCI model rats. Notably, 
combination therapy further alleviated SCI‑induced spinal 
cord lesions and neuronal apoptosis, increased GAP‑43, NGF 
and BDNF expression levels, downregulated GFAP expression 
levels and inhibited activation of the Raf/MEK/ERK signaling 
pathway in SCI model rats compared with the corresponding 
monotherapy groups. Therefore, it was hypothesized that 
compared with monotherapy, combination therapy displayed 
an improved therapeutic effect on SCI by further suppressing 
Raf/MEK/ERK signaling. The results of the present study 
provided an important basis for the clinical application of 
combination therapy.

Introduction

Despite efforts to promote spinal cord injury (SCI) repair (1), 
it is still regarded as an incurable condition with limited treat‑
ment strategies (2). SCI is a disabling injury condition that 
manifests as partial or complete loss of sensory and motor 
function below the level of injury (3,4). Moreover, >50% of 
SCIs result from trauma, including traffic accidents, sports 
injuries and gun shots, whereas other factors, such as inflam‑
mation, cancer and vascular diseases, are responsible for 
non‑traumatic SCI (5). SCI results in a considerable burden on 
patients and treatment costs are high (6). The pathophysiology 
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of SCI consists of both primary and secondary injury. Primary 
injury refers to the mechanical injury to the spinal cord, which 
includes central and peripheral nervous systems damage, 
microvasculature damage, axonal disruption, spinal cord 
swelling, spinal shock and hypotension (7). Secondary injury 
consists of excitotoxicity, free radical‑induced lipid peroxida‑
tion, blood‑brain barrier alterations, inflammation, and the 
death of neurons and glial cells (8). Therefore, the develop‑
ment of improved treatment strategies is important for patients 
with SCI.

Promoting axonal regeneration serves a pivotal role in 
SCI treatment (9). A previous study reported that astrocyte 
activation primarily mediates glial scar formation following 
SCI, which prevents axonal regeneration (10). Glial fibrillary 
acidic protein (GFAP) is a cytokine secreted by activated 
astrocytes, thus it is considered as a marker for astrocyte 
activation (11,12). Growth‑associated protein‑43 (GAP‑43, 
neuromodulin) participates in the regulation of axonal 
growth (13). Neurotrophins, including nerve growth factor 
(NGF) and brain‑derived neurotrophic factor (BDNF), have 
been shown to promote axonal regrowth and regeneration of 
injured spinal cord (14). Therefore, GFAP, GAP‑43, NGF and 
BNDF are often assessed to evaluate axonal regeneration.

Transcranial magnetic stimulation (TMS) is a medical 
technology based on bioelectromagnetics, which was first 
introduced by Barker et al (15). TMS refers to the stimulation 
of the central nervous system, particularly the brain, with a 
pulsed magnetic field (16). Due to its numerous advantages, 
including its non‑invasive nature, convenience and lack of 
pain, interesting results have been observed for the use of 
TMS treatment for paralysis, Parkinson's disease, epilepsy 
and depression (17,18). Increasing evidence demonstrates that 
TMS might serve as a potential neurophysiological technique 
for SCI diagnosis and treatment, and clinical trials have 
reported that high frequency repetitive TMS promotes motor 
rehabilitation and modulates brainstem reflexes in individuals 
with SCI (19,20).

Embryonic, fetal neural and induced pluripotent stem cells 
may be used to repair SCI; however, the clinical application 
of stem cell therapies is limited by immunological rejection 
and ethical concerns (21‑23). Bone marrow mesenchymal 
stem cells (BMSCs), which can be easily obtained from bone 
marrow, display the potential to differentiate into cartilage 
cells, osteoblasts, fat cells, myoblasts and nerve cells (24). 
BMSCs are widely used in cellular transplantation due to 
their easy acquisition, low immunogenicity and lack of ethical 
restraints (25). Additionally, a previous study demonstrated 
that BMSCs could differentiate into neuronal‑like cells 
and promote SCI repair in mice (26). The Raf/MEK/ERK 
signaling pathway is a signaling cascade involved in various 
physiological processes, including cellular proliferation 
and differentiation (27). Raf/MEK/ERK signaling is also 
involved in neuronal apoptosis in the hippocampus following 
subarachnoid hemorrhage (28). Previous studies revealed 
that Raf/MEK/ERK signaling was upregulated in SCI model 
rats (29), and that the Raf inhibitor dabrafenib displays poten‑
tial to facilitate SCI recovery (30). Therefore, the present study 
aimed to investigate the feasibility of allogenic BMSCs and 
Raf inhibition for SCI treatment. In the present study, a rat 
model was established to mimic SCI. Subsequently, rats were 

treated with BMSCs, Raf inhibitor (RafI), TMS, TMS+BMSC 
or TMS+RafI. The effects of monotherapy and combina‑
tion therapy on functional recovery, pathological alterations, 
neuronal apoptosis and the expression levels of neuromodulin, 
neurotrophins, astrocyte markers and Raf/MEK/ERK 
signaling were assessed.

Materials and methods

Animal model establishment and treatment. Female Sprague 
Dawley rats (age, 8 weeks; weight, 220±20 g) were purchased 
from Liaoning Changsheng Biotechnology Co., Ltd. Rats 
were housed in cages at 22±1˚C with 12‑h light/dark cycles, 
45‑55% relative humidity, and ad libitum access to food and 
water. Following adaptive feeding for one week, 84 rats were 
randomly divided into the following 7 groups (12 rats per group): 
i) Sham; ii) SCI; iii) SCI+BMSCs; iv) SCI+RafI; v) SCI+TMS; 
vi) SCI+TMS+BMSCs; and vii) SCI+TMS+RafI. Rats were 
anesthetized by the intraperitoneal injection of 50 mg/kg 
Nembutal. Subsequently, the soft tissue around vertebral level 
T10 was removed to expose the spinous processes and laminae 
of T10 and part of T9/T11. Then, a 10‑g impactor was used 
to induce spinal cord contusion injury (100 g x cm x force) 
by the weight‑drop method (31). Following SCI induction, 
the incision was sutured layer by layer under sterilized condi‑
tions. Rats were intraperitoneally injected with penicillin 
(40,000 U/day/rat) for 3 days post‑surgery, and the bladder of 
each rat was extruded for urination twice daily. In the sham 
group, incisions were directly sutured without SCI induction, 
and the rats did not undergo manual urination. Following 
SCI induction, rats received the following treatment: i) Rats 
in the sham group were injected at the same site with 5 µl 
DMEM/F12 medium (Gibco; Thermo Fisher Scientific, Inc.) 
supplemented with 10% fetal calf serum (Hyclone; Cytiva) 
and 10 µl normal saline on day 7 post‑surgery, followed by 
10 µl normal saline daily from day 8‑28 post‑surgery; ii) rats 
in the SCI group were injected into the SCI site with 5 µl 
DMEM/F12 medium supplemented with 10% fetal calf serum 
and 10 µl normal saline on day 7 post‑surgery, followed by 
10 µl normal saline daily from day 8‑28 post‑surgery; iii) rats 
in the SCI+BMSCs group were injected into the SCI with 5 µl 
BMSC suspension (1x105 cells/µ1) and 10 µl normal saline 
on day 7 post‑surgery, followed by 10 µl normal saline daily 
from day 8‑28 post‑surgery; iv) rats in the SCI+RafI group 
were injected into the SCI site with 5 µl DMEM/F12 medium 
supplemented with 10% fetal calf serum and 10 µl PLX4720 
(1 µg/µl; Aladdin) on day 7 post‑surgery, followed by 10 µl 
PLX4720 daily from day 8‑28 post‑surgery; v) following stim‑
ulation with 10 Hz TMS at 24 h post‑surgery, and then once 
a day, 5 days a week, for 4 weeks, rats in the SCI+TMS group 
were injected into the SCI site with 5 µl DMEM/F12 medium 
supplemented with 10% fetal calf serum and 10 µl normal saline 
on day 7 post‑surgery, followed by 10 µl normal saline daily 
from day 8‑28 post‑surgery; vi) rats in the SCI+TMS+BMSCs 
group received the same TMS treatment as the SCI+TMS 
group, and were injected into the SCI site with 5 µl BMSC 
suspension (1x105 cells/µl) and 10 µl normal saline on day 
7 post‑surgery, followed by 10 µl normal saline daily from 
day 8‑28 post‑surgery; vii) rats in the SCI+TMS+RafI group 
received the same TMS treatment as the SCI+TMS group, and 
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were injected into the SCI site with 5 µl DMEM/F12 medium 
supplemented with 10% fetal calf serum and 10 µl PLX4720 
(1 µg/µ1) on day 7 post‑surgery, followed by 10 µl PLX4720 
daily from day 8‑28 post‑surgery.

Rats were evaluated using the Basso, Beattie and Bresnahan 
locomotor rating (BBB) scale before surgery and at day 1, 14 
and 28 post‑surgery (32,33). A total of six live rats per group 
were used for BBB scoring and subsequent experiments. 
Subsequently, rats were euthanized by the intraperitoneal 
injection of 200 mg/kg Nembutal. A total of six rats were used 
to assess hematoxylin and eosin (H&E) staining, TUNEL and 
neuronal nuclei (NeuN) double staining as well as immuno‑
fluorescence staining; another six rats were used to perform 
western blotting. Spinal cord tissues were fixed with 4% para‑
formaldehyde at room temperature for 48 h or stored at ‑70˚C. 
All animal experiments were performed according to Guide 
for the Care and Use of Laboratory Animals 8th edition (34), 
and approved by the ethics committee of Shengjing Hospital 
of China Medical University (approval no. 2020PS697K).

Isolation and identification of BMSCs. Femurs and tibias 
were collected from each rat and the soft tissues surrounding 
the femurs and tibias were removed. The marrow cavity 
was repeatedly syringed with DMEM/F12 culture medium 
to harvest bone marrow cells. Bone marrows cells were 
resuspended and lysed using red cell lysis buffer (Beijing 
Solarbio Science & Technology Co., Ltd.). Following washing 
twice with PBS, cells were resuspended in DMEM/F12 
culture medium supplemented with 10% fetal calf serum. 
Then, cells (3x105/well) were seeded into a 6‑well plate. 
For identification, BMSCs were collected at passage 3 and 
incubated with anti‑CD11b (cat. no. 12‑0110‑80), anti‑CD29 
(cat. no. 11‑0291‑80), anti‑CD90 (cat. no. 11‑0900‑81) and 
anti‑CD45 (cat. no. 11‑0461‑80) monoclonal antibodies (all 
eBioscience; Thermo Fisher Scientific, Inc.) at 37˚C for 30 min. 
BMSCs were identified by flow cytometric detection (35) using 
an Accuri C6 flow cytometer (BD Biosciences) and Accuri C6 
software (version 1.0.264.21; BD Biosciences).

H&E staining. Rat spinal cord tissues were embedded in 
paraffin and cut into 5‑µm thick sections. Tissue sections 
were stained using a H&E staining kit (Wanleibio Co., Ltd.) 
according to the manufacturer's instructions. Stained sections 
were visualized using a fluorescence microscope (Olympus 
Corporation; magnification, x400).

TUNEL and NeuN double staining. Paraffin‑embedded spinal 
cord tissues were cut into 5‑µm thick sections, de‑paraffinized 
by heating to 60˚C for 2 h followed by xylene immersion, 
re‑hydrated in a descending ethanol series (95, 85, and 75%) 
and washed with PBS. Following heating in a microwave (low 
power) with citrate buffer containing 0.0018 citric acid and 
0.0082 mol/l sodium citrate for 10 min for antigen revival, 
tissue sections were stained using the In Situ Cell Death 
Detection Kit (Roche Diagnostics) according to the manufac‑
turer's protocol. After washing with PBS, the tissue sections 
were blocked with 100% goat serum (Beijing Solarbio Science 
& Technology Co., Ltd.) for 30 min at room temperature and 
then incubated with an anti‑NeuN mouse monoclonal primary 
antibody (cat. no. ab104224; 1:400; Abcam) overnight at 4˚C. 

After washing with PBS, tissue sections were incubated with a 
Cy3‑labelled goat anti‑mouse IgG (H+L) secondary antibody 
(cat. no. A0521; 1:200; Beyotime Institute of Biotechnology) 
for 1 h at room temperature. Tissue sections were then stained 
with DAPI for 5 min at room temperature (Biosharp Life 
Sciences). Following sealing with anti‑fluorescence quenching 
reagent (Beijing Solarbio Science & Technology Co., Ltd.), 
stained tissue sections were observed using a fluorescence 
microscope (Olympus Corporation; magnification, x400) and 
three random fields of view were observed for each section. 
The quantification procedure was conducted by Image‑pro 
plus software (version 6.0; Media Cybernetics, Inc.).

Immunofluorescence staining. Paraffin‑embedded spinal cord 
tissues were cut into 5‑µm thick sections, de‑paraffinized 
by heating to 60˚C for 2 h followed by xylene immersion, 
re‑hydrated in a descending ethanol series (95, 85 and 75%), 
washed with PBS, heated in a microwave (low power) with 
citrate buffer for 10 min for antigen revival. Following washing 
with PBS, tissue sections were blocked with 100% goat 
serum for 15 min at room temperature. Subsequently, tissue 
sections were incubated with anti‑GFAP rabbit polyclonal 
(cat. no. WL0836; 1:100; Wanleibio Co. Ltd.) or anti‑GAP‑43 
rabbit monoclonal (cat. no. ab75810; 1:200; Abcam) primary 
antibodies overnight at 4˚C. Following primary antibody incu‑
bation, tissue sections were incubated with Cy3‑labelled goat 
anti‑rabbit IgG (H+L) secondary antibody (cat. no. A0516; 
1:300; Beyotime Institute of Biotechnology) for 1 h at room 
temperature. After staining with DAPI for 5 min at room 
temperature, tissue sections were sealed with anti‑fluorescence 
quenching reagent and stained sections were observed using a 
fluorescence microscope (Olympus Corporation; magnifica‑
tion, x400).

Western blotting. Total protein was extracted from rat 
spinal cord tissues using the Whole Cell Lysis Assay Kit 
(Wanleibio Co., Ltd.) and quantified using the BCA Protein 
Assay Kit (Wanleibio Co., Ltd.). Proteins (40 µg per well) 
were separated via 8‑12% SDS‑PAGE and transferred onto 
PVDF membranes (EMD Millipore). After blocking with 5% 
skimmed milk in TBST (0.15% Tween‑20) at room tempera‑
ture for 1 h, the membranes were incubated overnight at 4˚C 
with the following primary antibodies: Rabbit polyclonal 
anti‑NGF (cat. no. A13922; 1:1,000; ABclonal Biotech Co., 
Ltd.), rabbit monoclonal anti‑BDNF (cat. no. BM4113; 1:200; 
Wuhan Boster Biological Technology, Ltd.), rabbit monoclonal 
anti‑C‑Raf (cat. no. BM4108; 1:1,000; Wuhan Boster Biological 
Technology, Ltd.), rabbit monoclonal anti‑phosphorylated 
(p)‑C‑Raf (phospho ser259; cat. no. Bsm‑52194R; 1:1,000; 
BIOSS), rabbit polyclonal anti‑MEK1/2 (cat. no. WL02258; 
1:500; Wanleibio Co. Ltd.), rabbit monoclonal anti‑p‑MEK1/2 
(phosphor ser221; cat. no. 2338; 1:2,000; Cell Signaling 
Technology, Inc.), rabbit monoclonal anti‑ERK1/2 (cat. no. 
BM4326; 1:200; Wuhan Boster Biological Technology, Ltd.), 
rabbit polyclonal anti‑p‑ERK1/2 (phospho thr202/tyr204; 
cat. no. WLP1512; 1:500; Wanleibio Co. Ltd.) and rabbit 
polyclonal anti‑β‑actin (cat. no. WL01845; 1:1,000; Wanleibio 
Co. Ltd.). Following washing with TBST, the membranes were 
incubated with HRP‑conjugated goat anti‑rabbit IgG secondary 
antibody (1:5,000; cat. no. WLA023; Wanleibio Co. Ltd.) for 
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45 min at 37˚C. Proteins were visualized using ECL lumines‑
cent reagent (Wanleibio Co. Ltd.). Protein expression levels 
were semi‑quantified using Gel‑Pro‑Analyzer (version 4.0; 
Media Cybernetics, Inc.) with β‑actin as the loading control.

Statistical analysis. Statistical analyses were performed using 
GraphPad Prism 7 software (GraphPad Software, Inc.). Data 
are presented as the mean ± SD (n≥6). BBB scores among the 7 
groups were compared using the Kruskal‑Wallis test followed 
by Dunn's post hoc test. Comparisons among multiple groups 
were analyzed using one‑way ANOVA followed by Tukey's 
post hoc test. P<0.05 was considered to indicate a statistically 
significant difference.

Results

Successful isolation of BMSCs. BMSCs were isolated from rat 
bone marrow and identified via flow cytometry at passage 3. 
The flow cytometry results demonstrated that the isolated cells 
were CD11b‑, CD45‑, CD29+ and CD90+ (Fig. 1), indicating 
that the isolated cells were BMSCs.

Combination treatment of TMS+BMSCs or TMS+RafI further 
alleviates locomotor function, pathological alterations and 
neuronal apoptosis in SCI model rats. To investigate the 
effect of TMS+BMSCs and TMS+RafI combination therapies 
on SCI model rats, BBB scoring was employed to evaluate 
functional recovery (Fig. 2A). Following monotherapy or 
combination therapy, the BBB scores of SCI model rats at day 
28 post‑surgery were significantly increased (SCI+BMSCs, 
14.00; SCI+RafI, 14.33; SCI+TMS, 13.17; SCI+TMS+BMSCs, 
15.33; and SCI+TMS+RafI, 16.17) compared with untreated 
SCI model rats (7.83), which suggested that all therapies were 
beneficial for the recovery of locomotor function following 

SCI. In addition, morphological alterations in the spinal cord 
were detected by performing H&E staining. The spinal cord 
tissues of the SCI group displayed a little congestion and 
obvious structural disorders at the site of injury, whereas 
monotherapy slightly alleviated the intensity of spinal cord 
lesions (Fig. 2B). TMS+BMSCs and TMS+RafI combination 
therapies notably relieved SCI‑induced structural damage 
(Fig. 2B). Neuronal apoptosis was determined by conducting 
TUNEL‑NeuN double staining. The SCI group displayed a 
significantly increased number of apoptotic cells (28.94%) 
and fewer NeuN+ cells (6.85%) compared with the sham group 
(TUNEL+ cells, 1.19%; NeuN+ cells, 26.58%), indicating 
that SCI enhanced neuronal apoptosis (Fig. 3A‑C). However, 
compared with the SCI group, all therapies significantly 
increased the number of NeuN+ cells (SCI+BMSCs, 15.09%; 
SCI+RafI, 14.51%; SCI+TMS, 13.81%; SCI+TMS+BMSCs, 
23.26%; SCI+TMS+RafI, 23.10%) and decreased the 
number of TUNEL+ cells (SCI+BMSCs, 11.66%; SCI+RafI, 
15.97%; SCI+TMS, 11.55%; SCI+TMS+BMSCs, 6.75%; 
SCI+TMS+RafI, 1.88%), which was significantly enhanced in 
the SCI+TMS+BMSCs and SCI+TMS+RafI groups compared 
with the corresponding monotherapy groups (Fig. 3A‑C). 
Collectively, the results suggested that the combination 
therapies were more effective at alleviating SCI‑induced 
pathological alterations and neuronal apoptosis in SCI model 
rats compared with monotherapy.

Combination treatment of TMS+BMSCs or TMS+RafI 
further increases the expression of neuromodulin and 
neurotrophins, and decreases the expression of astrocyte 
markers in SCI model rats. GAP‑43 and GFAP expression 
levels were detected by performing an immunofluorescence 
assay. GAP‑43 expression levels were notably lower in the 
SCI group compared with the sham group (Fig. 4A). After 

Figure 1. Identification of BMSCs. BMSCs were isolated from the rat bone marrow cavity and identified via flow cytometry. BMSCs were CD11b‑, CD45‑, 
CD29+ and CD90+. BMSCs, bone marrow mesenchymal stem cells.
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monotherapy or combination therapy, GAP‑43 expression 
was markedly increased in SCI model rats, which was more 
notable in the SCI+TMS+BMSCs and SCI+TMS+RafI groups 
(Fig. 4A). By contrast, the expression of GFAP was obviously 
upregulated in the SCI group compared with the sham group, 
which was decreased following monotherapy or combination 
therapy, where the reduction was more remarkable in the RafI, 
SCI+TMS+BMSCs and SCI+TMS+RafI groups (Fig. 4B). 
Subsequently, the relative expression levels of NGF and BDNF 
were detected via western blotting (Fig. 5A and B). With the 
exception of RafI monotherapy, all other monotherapies and 
combination therapies significantly increased the relative 
expression levels of NGF (SCI+BMSCs, 3.78; SCI+TMS, 4.4; 
SCI+TMS+BMSCs, 6.02; SCI+TMS+RafI, 7.52) and BDNF 
(SCI+BMSCs, 2.00; SCI+TMS, 2.02; SCI+TMS+BMSCs, 
2.86; SCI+TMS+RafI, 3.05) in SCI model rats compared 
with untreated SCI model rats (NGF, 2.10; and BDNF, 1.12). 
Compared with the SCI group, RafI monotherapy increased 
the relative expression of NGF (3.26) and significantly 
upregulated BDNF (1.99) expression levels (Fig. 5A and B). 
Moreover, the increases in NGF and BDNF expression levels 
were significantly enhanced in the combination therapy 

groups compared with the corresponding monotherapy 
groups (Fig. 5A and B).

Combination treatment of TMS+BMSCs or TMS+RafI 
further inhibits Raf/MEK/ERK signaling in SCI model 
rats. The relative expression levels of Raf, p‑Raf, MEK, 
p‑MEK, ERK and p‑ERK were detected (Fig. 6). Compared 
with the SCI group (p‑Raf/Raf, 6.11; p‑ERK/ERK, 4.51), 
all therapies significantly reduced the relative expression 
levels of p‑Raf/Raf (SCI+BMSCs, 4.69; SCI+RafI, 3.56; 
SCI+TMS, 4.57; SCI+TMS+BMSCs, 3.22; SCI+TMS+RafI, 
2.07) and p‑ERK/ERK (SCI+BMSCs, 3.08; SCI+RafI, 2.35; 
SCI+TMS, 3.12; SCI+TMS+BMSCs, 1.93; SCI+TMS+RafI, 
1.36). With the exception of BMSC monotherapy (4.14), all 
other therapies significantly reduced the relative expression 
levels of p‑MEK/MEK (SCI+RafI, 3.09; SCI+TMS, 2.86; 
SCI+TMS+BMSCs, 1.66; SCI+TMS+RafI, 1.39) compared 
with the SCI group (4.58). BMSC monotherapy downregulated 
the relative expression levels of p‑MEK/MEK compared with 
the SCI group. The downregulation of p‑Raf/Raf, p‑MEK/MEK 
and p‑ERK/ERK expression levels was significantly enhanced 
in the combination treatment groups compared with the 

Figure 2. Effects of combination therapy on locomotor functional recovery and pathological alterations in SCI model rats. (A) BBB scoring was used to 
evaluate the recovery of locomotor function. (B) Hematoxylin and eosin staining was performed to evaluate spinal injury (scale bar, 50 µm). Green arrow, 
neurons; red arrow, congestion; yellow asterisk, vacuolation. **P<0.01 vs. sham (day 28); #P<0.05 and ##P<0.01 vs. SCI (day 28). SCI, spinal cord injury; BBB, 
Basso, Beattie and Bresnahan locomotor rating; TMS, transcranial magnetic stimulation; BMSCs, bone marrow mesenchymal stem cells; RafI, Raf inhibitor.
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corresponding monotherapy groups. No notable alterations 
in the relative expression levels of Raf, MEK and ERK were 
observed among the treatment groups.

Discussion

SCI commonly results from accidents and acts of violence, 
and patients with SCI experience a series of complications, 
including cerebrovascular damage, cervical spine injury 
and brain injury (36,37). At present, there is no satisfactory 
treatment for SCI (2). Since its discovery in 1985, TMS has 
been widely used to treat a diverse range of neurodegenera‑
tive disorders (15). Previous studies have suggested that TMS 
might serve as a promising therapeutic strategy for SCI (38,39). 
BMSCs, which do not result in immunological rejection, are 
appropriate for the treatment of SCI (40). Emerging evidence 
has also demonstrated that BMSCs display the potential to 

regenerate neural function (41), and a previous study reported 
that BMSCs and TMS exerted synergistic effects in vascular 
dementia model rats (42). Recovery of the memory and 
learning ability of rats with vascular dementia was more 
significant following the combined application of TMS and 
BMSCs compared with either therapy alone, indicating that 
the combination of TMS and BMSCs may be more effective 
for the treatment of neurological diseases (42). However, 
whether the combined use of TMS and BMSCs is more effec‑
tive compared with either therapy alone in treating SCI is not 
completely understood. Raf inhibition has also been reported 
as a potential therapeutic strategy for SCI (30), but whether 
the combination of TMS and Raf inhibition displays syner‑
gistic effects on SCI recovery requires further investigation. 
Therefore, the present study aimed to compare the effects 
of TMS, BMSC transplantation, RafI, TMS+BMSCs and 
TMS+RafI treatment on SCI in vivo.

Figure 3. Effects of combination therapy on neuronal apoptosis in SCI model rats. (A) TUNEL and NeuN double staining were performed to evaluate neuronal 
apoptosis (scale bar, 50 µm). Quantification of (B) TUNEL+ and (C) NeuN+ cells. **P<0.01 vs. sham; #P<0.05 and ##P<0.01 vs. SCI; †P<0.05 and ††P<0.01 
vs. SCI+TMS; &P<0.05 and &&P<0.01 vs. SCI+BMSCs; ^^P<0.01 vs. SCI+RafI. SCI, spinal cord injury; NeuN, neuronal nuclei; TMS, transcranial magnetic 
stimulation; BMSCs, bone marrow mesenchymal stem cells; RafI, Raf inhibitor.
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SCI can result in long‑term motor deficits, thus the recovery 
of motor dysfunction is vital for patients with SCI (43). The 
BBB scale is commonly used to evaluate motor function 
deficit and recovery from various injuries (44). Furthermore, 
TMS was reported to facilitate motor recovery in rats with 
T10‑11 vertebrae injuries, as evidenced by a higher BBB score 
in the TMS‑treated group (45). Moreover, BMSC transplanta‑
tion treatment displayed a significant effect on motor function 
recovery (46), which was consistent with the results of the 
present study. In the present study, the BBB scores of SCI 
model rats receiving TMS, BMSC or RafI treatment alone 
were significantly higher compared with untreated SCI model 
rats. Although the combined application of TMS+BMSCs or 
TMS+RafI did not further improve motor recovery in SCI 
model rats, the two combined treatments displayed no nega‑
tive effects on motor recovery. In the present study, two key 
limitations were that the time interval for BBB scoring was 
potentially too long and there was a lack of additional time 
points. Moreover, histopathological lesions of the spinal cord 

were also attenuated by monotherapy and combination therapy 
to varying degrees.

Apoptosis, programmed cell death, is the process of cellular 
self‑destruction (47). Apoptosis is implicated in secondary 
spinal cord injury, further influencing neural damage and 
functional deficits (48). In the present study, all therapies 
inhibited SCI‑induced neuronal apoptosis, as evidenced by 
the decreased number of TUNEL+ cells and the increased 
number of NeuN+ cells in the treatment groups compared 
with untreated SCI model rats. Notably, the combined applica‑
tion of TMS+BMSCs or TMS+RafI significantly decreased 
the number of TUNEL+ cells and significantly increased the 
number of NeuN+ cells compared with the corresponding 
monotherapy groups, indicating that combination treatment 
displayed synergistic effects on the attenuation of neuronal 
apoptosis at the site of SCI. Apoptosis is one of the key deter‑
mining factors of the extent of neuronal loss post‑SCI (49), 
thus blocking neuronal apoptosis may improve functional 
recovery (50‑52). Therefore, the attenuated functional deficits 

Figure 4. Effects of combination therapy on GAP‑43 and GFAP expression in SCI model rats. (A) GAP‑43 and (B) GFAP expression was evaluated via 
immunofluorescence staining (scale bar, 50 µm). GAP‑43, growth‑associated protein 43; GFAP, glial fibrillary acidic protein; SCI, spinal cord injury; TMS, 
transcranial magnetic stimulation; BMSCs, bone marrow mesenchymal stem cells; RafI, Raf inhibitor.
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induced by the therapies investigated in the present study may 
be partly attributed to inhibition of neuronal apoptosis.

GAP‑43 is primarily expressed in developing and regener‑
ating neurons, which is associated with neuronal growth (53). 
The astrocyte marker GFAP is involved in astroglial develop‑
ment and differentiation (54). In the present study, compared 

with untreated SCI model rats, all therapies markedly upregu‑
lated the expression of GAP‑43 and notably downregulated 
the expression of GFAP in SCI model rats, particularly RafI, 
TMS+BMSCs and TMS+RafI. NGF and BDNF are neuro‑
trophic growth factors that are critical for the development 
and survival of neurons (55). The results of the present study 

Figure 5. Effects of combination therapy on NGF and BDNF expression in SCI model rats. NGF and BDNF protein expression levels were (A) determined 
via western blotting and (B) semi‑quantified. #P<0.05 vs. and ##P<0.01 vs. SCI; †P<0.05 and ††P<0.01 vs. SCI+TMS; &P<0.05 and &&P<0.01 vs. SCI+BMSCs; 
^^P<0.01 vs. SCI+RafI. NGF, nerve growth factor; BDNF, brain derived neurotrophic factor; SCI, spinal cord injury; TMS, transcranial magnetic stimulation; 
BMSCs, bone marrow mesenchymal stem cells; RafI, Raf inhibitor.

Figure 6. Effects of combination therapy on Raf/MEK/ERK signaling in SCI model rats. Protein expression levels of (A) p‑Raf/Raf, (B) p‑MEK/MEK and 
(C) p‑ERK/ERK were determined via western blotting. **P<0.01 vs. sham; ##P<0.01 vs. SCI; ††P<0.01 vs. SCI+TMS; &&P<0.01 vs. SCI+BMSCs; ^^P<0.01 vs. 
SCI+RafI. SCI, spinal cord injury; p, phosphorylated; TMS, transcranial magnetic stimulation; BMSCs, bone marrow mesenchymal stem cells; RafI, Raf 
inhibitor.
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demonstrated that all therapies, excluding RafI monotherapy, 
significantly upregulated NGF and BDNF expression levels 
in SCI model rats compared with untreated SCI model rats. 
Moreover, the combination of TMS+BMSCs or TMS+RafI 
displayed an enhanced ability to upregulate NGF and BDNF 
expression levels compared with the corresponding mono‑
therapy groups. The results suggested that combination 
therapies might promote neuronal growth, development and 
survival, and inhibit SCI‑induced astroglial activation more 
effectively compared with monotherapies.

Emerging evidence has indicated that Raf/MEK/ERK 
signaling might promote the neural cell apoptosis (56). In a 
previous study, p‑Raf/Raf, p‑MEK/MEK and p‑ERK/ERK 
expression levels were upregulated in SCI model rats, indicating 
that Raf/MEK/ERK signaling is involved in the development 
of SCI (29). C‑Raf overexpression displayed an inhibitory 
effect on the development and maturation of spinal cord 
neurons (28,29). In the present study, treatment with TMS, 
BMSCs or RafI alone inhibited SCI‑induced activation of the 
Raf/MEK/ERK signaling pathway. Furthermore, the combined 
application of TMS+BMSCs or TMS+RafI displayed a signifi‑
cantly enhanced potential to inhibit SCI‑induced activation of 
Raf/MEK/ERK signaling compared with the corresponding 
monotherapy groups. Due to the pivotal role of Raf/MEK/ERK 
signaling in SCI, it was hypothesized that combination therapy 
might display an improved therapeutic effect on SCI by further 
suppressing Raf/MEK/ERK signaling.

In conclusion, the results of the present study demonstrated 
that the therapeutic effect of TMS combined with BMSC trans‑
plantation or RafI on SCI recovery in rats was more efficient 
compared with monotherapy; therefore, combination therapy 
may serve as a novel therapeutic strategy for SCI.
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