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Abstract. Spinal cord injury (SCI) results in inflammation, 
and TLR4, which is an inflammatory factor, has an important 
role in the pathological injury that occurs following SCI. 
Recently, bone marrow stromal cells (BMSCs) have been 
demonstrated to be a novel treatment in SCI. However, the 
underlying mechanism of neuroprotection in SCI by BMSCs 
remains unclear. The present study was designed to investi-
gate the therapeutic mechanism of BMSCs in SCI by analysis 
of Toll‑like receptor 4 (TLR4)/nuclear factor‑κB (NF‑κB) 
expression. The present results demonstrated that BMSC 
transplantation promoted functional recovery and tissue 
repair in SCI rats. Interestingly, it also reduced the expres-
sion of TLR4 and NF‑κB after SCI. Furthermore, it was 
demonstrated that BMSCs downregulated the expression of 
apoptosis factor caspase‑12 in the SCI rat model. The present 
results demonstrated that BMSCs may have incorporated 
into the spinal cord to improve locomotor function after SCI, 
partly via the TLR4/NF‑κB signaling pathway. To the best 
of our knowledge, this is the first study to determine that 
BMSCs prevented secondary injury and enhanced functional 
recovery in SCI via inhibition of TLR4/NF‑κB‑mediated 
inflammation.

Introduction

Spinal cord injury (SCI) causes serious disability and is a 
medical problem worldwide (1). SCI has two defined phases, 
consisting of primary and secondary injury mechanisms that 
lead to an excessive inflammatory response (2,3). Disruption 
of the spinal tract results in neuronal apoptosis, and impedes 

neuronal repair and regeneration. A key challenge is how to 
reduce inflammation, improve axonal regeneration and func-
tional recovery after SCI (4). Recently, transplantation of bone 
marrow stromal cells (BMSCs) has emerged as a novel treat-
ment for SCI (5‑7). BMSCs are a population of heterogeneous 
mesenchymal cells located in the bone marrow that possess 
unlimited proliferative capacity and multidifferentiation prop-
erties (8,9). Furthermore, it has been reported that BMSCs 
have an important role in the immunomodulation of innate 
and adaptive immune processes in vitro and in vivo (10,11). 
BMSCs transplantation may benefit injured neurons, through 
the release of various kinds of factors, which indirectly influ-
ence the process of inflammation by regulating the expression 
of inflammatory cytokines from a variety of immune cell 
types after SCI (12‑15). However, the mechanisms underlying 
the regulation of inflammation by BMSCs in the injured spinal 
cord remain unclear.

Secondary SCI is accompanied by a series of intracellular 
metabolisms, such as inflammatory cell infiltration. After 
SCI, the blood‑brain barrier (BBB) is disrupted and inflam-
matory cells produce potentially toxic molecules, including 
free oxygen radicals, cytokines and chemokines which may 
inhibit axon regeneration of the spinal lesion (2,4). Toll‑like 
receptors (TLRs) are a transmembrane receptor family. 
Activation of the TLRs has a critical role in the innate immune 
response (16). Toll‑like receptor 4 (TLR4) is an important 
member that is associated with SCI‑induced inflammation. 
Accumulating evidence indicates the involvement of TLR4 
in inducing spinal inflammation, including that in lateral 
sclerosis, ischemia reperfusion injury and trauma (17,18). As 
one of the most important downstream molecules in the TLR 
signaling pathways, nuclear factor (NF)‑κB is a transcriptional 
factor required for transcriptional activation of its target genes, 
including tumor necrosis factor‑α (TNF‑α), interleukin‑1β 
(IL-1β), and IL‑6 (19,20).

Therefore, in the present study, a modified Allen's 
weight‑drop SCI rat model was established and BMSCs were 
transplanted into the injured spinal cord. Locomotion recovery 
and pathological changes in the spinal cord of the SCI rat model 
were analyzed after BMSC transplantation. Furthermore, the 
effect of BMSCs on modulating the expressions of TLR4 and 
NF‑κB in the injured spinal cord was investigated. The present 
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study may challenge the classical view of stem cell transplant 
therapy for SCI, not only through neuronal differentiation, but 
also in reducing inflammation.

Materials and methods

Ethics statement. The experimental procedures were approved 
by the Animal Ethics Committee of Zhejiang University 
(Hangzhou, China) and were performed according to insti-
tutional guidelines. All efforts were made to minimize the 
number of rats used and their suffering.

Primary BMSC culture and characterization. Primary rat 
BMSCs were isolated as previously described (7). BMSCs 
were harvested from the femur of 3‑week‑old Sprague‑Dawley 
(SD) female rats. Bone marrow was removed and diluted with 
an equal volume of Dulbecco's modified Eagle's medium 
(DMEM; Gibco; Thermo Fisher Scientific, Inc., Waltham, 
MA, USA), which was subsequently centrifuged at 1,200 x g 
for 7 min. The supernatant was removed, and the pellet was 
inoculated into plastic flasks containing DMEM supplemented 
with 10% fetal bovine serum (FBS; 10% w/v; Gibco; Thermo 
Fisher Scientific, Inc.), 1% L‑glutamine (Sigma‑Aldrich; Merck 
KGaA, Darmstadt, Germany) and 1% penicillin and strep-
tomycin. The flasks were incubated at 37˚C in a humidified 
tissue culture incubator containing 5% CO2 and 95% air. The 
medium was replaced every 3 days, and cells were passaged at 
1:4 when 90% confluence was reached, using 0.25% trypsin. 
All stem cells in this experiment were performed with cells in 
passage 3.

SCI model. Thirty 6‑week‑old SD female rats were purchased 
from Zhejiang Experimental Animal Center (Hangzhou, 
China) and divided into three groups at random: sham opera-
tion (control) group, SCI group and BMSC‑treated SCI group. 
Rats were anesthetized with an intraperitoneal injection of 
40 mg/kg sodium pentobarbital. The vertebral column of the 
rats was then exposed, and a laminectomy carried out at T10 
vertebrae. A weight of 10 g was dropped from a height of 5 cm 
onto the exposed spinal cord to cause moderate contusion 
at the T10 vertebrae in the SCI group and BMSC treatment 
group rats (6). The sham operation rats received the same 
surgical procedure, with no injury. After injury, 10 µl DMEM 
containing 1x106 BMSCs was injected into the center of the 
injured spinal cords of the BMSC treatment group rats, using 
electrode microneedles. The same volume of cell culture media 
was injected into the SCI and sham operation animals. All rats 
were subcutaneously injected with ampicillin (100 mg/kg) 
daily for the first 7 days to prevent infection. Twice per day, the 
bladder was emptied manually. A certain number of rats were 
sacrificed for immunohistochemical staining of TLR4, NF‑κB, 
and caspase‑12 48 h after SCI, while others were sacrificed 
7 days after SCI, for growth‑associated protein 43 (GAP‑43) 
immunofluorescence staining, hematoxylin and eosin (H&E) 
Staining and toluidine blue (Nissl).

Assessment of motor function. The Basso, Beattie, and 
Bresnahan (BBB) locomotor scale was used to evaluate the rats 
after transplantation (21). The ranging scale from 0 (complete 
paralysis) to 21 (normal locomotion) was applied to evaluate 

the motor function in an open field for 2‑3 min in all groups at 
days 1, 7, 14 and 21 after surgery in all three groups.

H&E and Nissl staining. For pathological analysis, the sections 
were respectively subjected to H&E and Nissl staining. Five 
rats from each group were anesthetized with an intraperitoneal 
injection of 60 mg/kg sodium pentobarbital, and perfused with 
4% paraformaldehyde in PBS 7 days after SCI. The lesion 
epicenter (4 mm) of the injured spinal cord was removed, fixed 
for 24 h and prepared for cryostat sectioning. The transverse 
sections (10 µm thick) were mounted in silane‑coated slides. 
Rat sections were subsequently stained with cresyl violet 
(0.3%; VWR International, Buffalo Grove, IL, USA) for H&E 
and Nissl Staining. All images were collected in the same area 
of the section using an Olympus BX61 microscope (Olympus 
Corporation, Tokyo, Japan). Area measurements were 
performed using Image‑Pro Plus 5.0 image analysis software 
(Media Cybernetics Inc., Atlanta, GA, USA).

Immunohistochemical and immunofluorescence staining. 
Tissue sections from all groups were washed in 0.01 M PBS 
containing 0.3% Triton X‑100 (pH 7.4, PBS‑T) for immunohis-
tochemical analysis, prior to immersion in 2% normal horse 
serum in PBS for 120 min at 37˚C and incubation overnight at 
4˚C with polyclonal rabbit anti‑NF‑κB, TLR4 and caspase‑12 
(1:200; Boster Biotechnology Co., Ltd., Wuhan, China) anti-
bodies. Sections were washing with PBS and subsequently 
incubated with HRP goat anti‑rabbit immunoglobulin G (IgG; 
1:200; Boster Biotechnology Co., Ltd.) secondary antibody for 
1 h. Hematoxylin was used to counterstain nuclei. The samples 
were mounted in Fluoromount/Plus (Diagnostic BioSystems, 
Pleasanton, CA, USA). Images were obtained on an Axio 
Imager M1 microscope with AxioVision software (Carl Zeiss, 
Tokyo, Japan).

Immunofluorescence analysis was used to detect the expres-
sion of GAP‑43 in all groups. The sections were incubated 
overnight with GAP‑43 antibody (1:100; Boster Biotechnology 
Co., Ltd.) overnight at 4˚C, washed three times with PBS and 
subsequently incubated with fluorescent‑conjugated secondary 
antibody. Slides were counterstained with DAPI for 5 min and 
coverslipped. All images were captured in the same area of the 
section using an Olympus FluoView FV1000 Confocal laser 
scanning microscope.

Statistical analysis. Data are presented as mean ± standard 
deviation. One‑way analysis of variance (ANOVA) with a 
post‑hoc Tukey's test was used for comparisons between more 
than two groups. P<0.05 was considered to indicate a statisti-
cally significant difference.

Results

BBB scores. 1 day after SCI establishment, rats in the SCI and 
BMSC‑treated groups displayed typical paraplegia syndrome; 
the tail was dropped and both hind limbs were paralyzed 
with muscle strength scores of 0. Rats were followed up at 
14 and 21 days after BMSC transplantation. The BBB score 
in the BMSCs treatment group was significantly higher than 
that of the SCI group (P<0.05), while the animals in the sham 
operation group walked normally. Comparison of BMSC 
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treatment rats at different time points revealed that the BBB 
score exhibited a gradual upward trend at 7, 14 and 21 days 
after SCI. The improvement in the BMSC treatment rats was 
significantly different from the SCI rats at 14 and 21 days after 
BMSCs transplantation (P<0.05; Fig. 1).

H&E and Nissl staining assay. 7 days after BMSC trans-
plantation, H&E staining was used to analyze pathological 
changes after SCI. The results demonstrated that neurons in 
the sham operation group appeared normal, with intact, round, 
full nuclei and clear nucleoli. However, neuronal swelling 
and shrunken neurons with darkly stained, condensed nuclei, 
as well as significant loss and damage to neuronal and glial 
cells, were observed in the SCI and SCI+BMSCs groups 
(Fig. 2). Furthermore, the tissues appeared disorderly and 
irregularly arranged. However, the pathological changes 
observed improved with BMSC treatment, as the cavity of 
the SCI+BMSC group was reduced, compared with the SCI 
group. In addition, Nissl staining was used to investigate the 
extent of neuronal demyelination at the injury site. It was 
observed that the sections from the sham group contained 
myelin sheaths of different diameters in an orderly arrange-
ment with even distribution whereas demyelination was 
present after injury, with disorderly arrangement and irreg-
ular distribution, accompanied by numerous swellings and 
near‑disruption in the SCI group. However, these changes 
were improved in the BMSCs treatment group (Fig. 2B). 
Both H&E staining and Nissl staining results indicated that 

BMSC treatment improved the pathological changes induced 
after SCI.

TLR4, NF‑κB, and caspase‑12 expression in the injured 
spinal cord. As cavity formation was reduced under BMSCs 

Figure 1. BBB Scores at 1, 7, 14 and 21 days after bone marrow stromal cell 
transplantation in each group. Values are presented as the mean ± standard 
deviation. **P<0.01 vs. SCI rats. BBB, blood‑brain barrier.

Figure 2. (A) H&E staining and (B) Nissl staining in the spinal cord of each 
group, 7 days after the BMSC group received treatment. Scale bar=50 µm 
(magnification, x400). H&E, hematoxylin and eosin; BMSC, bone marrow 
stromal cell; SCI, spinal cord injury.

Figure 3. (A) Immunohistochemical staining of TLR4, NF‑κB and caspase‑12 
expression, (B) the proportion of TLR4, NF‑κB and caspase‑12 positive cells 
in each group, 24 h post‑surgery. Scale bar=500 µm (magnification, x400). 
***P<0.01, vs. SCI rats, **P<0.05, vs. SCI rats. TLR4, Toll‑like receptor 4; 
NF‑κB, nuclear factor‑κB; BMSC, bone marrow stromal cell; SCI, spinal 
cord injury.

Figure 4. Immunofluorescence detection of GAP‑43 expression in each group, 
7 days after BMSC transplantation. Green staining indicates GAP‑43 expres-
sion. Blue staining (DAPI) indicates the nuclei. GAP‑43+DAPI=merges. 
Scale bar=500 µm (magnification, x40). GAP‑43, growth‑associated 
protein 43; BMSC, bone marrow stromal cell; SCI, spinal cord injury.
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treatment, whether BMSCs transplantation reduced the 
inflammatory response and neuronal apoptosis was investi-
gated. The expression of the inflammatory factors TLR4 and 
NF‑κB, as well as apoptosis factor caspase‑12, was detected 
by immunohistochemical staining. The results revealed 
that both TLR4 and NF‑κB expression increased after SCI, 
However, BMSC treatment resulted in a significant decrease 
in expression, compared with the SCI group (P<0.01). 
The expression of caspase‑12 was markedly upregulated 
after SCI. BMSC treatment resulted in significantly lower 
caspase‑12 levels compared with the SCI group (P<0.05; 
Fig. 3), indicating that neuronal apoptosis caused by SCI was 
significantly improved by BMSC treatment. Taken together, 
the results demonstrated that BMSC transplant reduced the 
inflammatory response and apoptotic cell death following 
SCI.

GAP43 expression is promoted by BMSC transplantation. It 
was hypothesized that decreased inflammation and apoptosis 
may promote axon regeneration. The present study focused on 
spinal GAP43 expression 7 days after BMSC transplantation. 
GAP43 is highly expressed in the axons, and is the most widely 
used marker for nerve regeneration. By immunofluorescence 
staining, it was demonstrated that GAP43‑positive fibers were 
significantly increased in response to BMSC treatment (Fig. 4), 
indicating that BMSC treatment increased GAP43 expression 
and may have supported axon regeneration.

Discussion

SCI is a serious disease that eventually results in loss of 
movement and sensation below the lesion (15,22). After SCI 
occurs, the inflammatory response has an important role in 
the pathogenesis of the injured spinal cord (23,24). The present 
study demonstrated that BMSC transplantation suppressed the 
expression of TLR4 and NF‑κB in the injured spinal cord after 
trauma. Furthermore, locomotor deficits, pathological changes 
in the spinal cord and caspase‑12 expression were markedly 
ameliorated following BMSCs transplantation to SCI rats. 
To the best of our knowledge, the present study is the first 
to demonstrate that BMSCs transplantation improved func-
tional recovery following SCI by inhibiting the inflammatory 
response via TLR4/NF‑κB signaling.

After SCI, inflammatory cell infiltration and hypoxia occur 
around the original injury site. These inflammatory responses 
begin immediately after injury, and continue in the days and 
weeks following SCI. This process results in further tissue 
damage, leading to the loss of motor and sensory function 
below the lesion (3). The inflammatory response in the injured 
spinal cord is a key mechanism mediating the secondary injury 
stage after SCI (2,25). The cells at the site of injury trigger the 
inflammatory response through the activation of multiple recep-
tors, including TLR4, in immune‑competent cells, neurons 
and astrocytes (26). These receptors promote the activation 
of NF‑κB, a multifunctional transcription factor that controls 
several pro‑inflammatory and stress responses, which may 
ultimately induce apoptosis, neuronal degeneration and disease 
progression (27). A previous study revealed that the ideal treat-
ment for SCI would focus on preventing inflammation in the 
injured spinal cord, improving the microenvironment around 

the injured lesion and promoting axonal regeneration (27). 
Our results demonstrated that SCI activated TLR4/NF‑κB 
signaling and increased caspase-12 expression in the injured 
spinal cord. Furthermore, BMSC transplantation significantly 
improved the pathological changes observed and rat locomotor 
function; this may have been through the suppression of TLR4 
and NF‑κB expression in the injured spinal cord. Furthermore, 
the number of caspase‑12 positive cells was notably decreased 
in BMSC‑treated SCI rats.

In conclusion, the present study demonstrated that BMSC 
transplantation to the injured spinal cord may contribute to 
functional restoration in SCI rats. BMSC treatment gradu-
ally improved the injured spinal cord tissue and dramatically 
decreased the number of caspase‑12 positive cells, potentially 
through downregulation of TLR4/NF‑κB expression. The 
results provided a novel insight into the therapeutic potential 
of BMSCs, which may lead to the development of a novel 
therapeutic approach to prevent inflammation following SCI.
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