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Abstract
Background  Interventions that promote the proliferation of endogenous neural stem cells (ENSCs) and induce their 
differentiation into neurons after spinal cord injury (SCI) hold significant potential for SCI repair. Tanshinone IIA (TIIA) 
exhibits extensive neuroprotective effects, and its derivative, sodium tanshinone IIA sulfonate (STS), has enhanced 
water solubility, making it easier to prepare injectable formulations and increasing bioavailability. STS injections have 
been extensively utilized in the treatment of cardiovascular and cerebrovascular diseases, and their clinical application 
in SCI shows promising potential. However, it remains unclear whether STS can promote spinal cord injury repair in 
rats by modulating the proliferation and differentiation of ENSCs, and the underlying regulatory mechanisms are yet 
to be elucidated.

Methods  In this study, an incomplete spinal cord injury model was established in rats using the NYU spinal cord 
impactor. The regulatory effects of STS on ENSCs in rats post-SCI were observed by detecting the NSC marker Nestin, 
the neuronal marker NeuN, and the astrocyte marker GFAP. Additionally, rat behavioral assessments, histopathology, 
serum inflammation indices, and Notch signaling pathway activation were evaluated. In vitro experiments utilized an 
lipopolysaccharide (LPS)-induced rats spinal cord NSCs inflammation model. The effects of STS on the proliferation 
and viability of rats spinal cord NSCs were assessed using the CCK-8 assay and immunofluorescence cell counting. The 
mechanisms by which STS regulates NSC proliferation and differentiation via the Notch pathway were verified using 
immunofluorescence, Western blot, and RT-PCR techniques.

Results  In vitro, STS significantly reduced the levels of inflammatory indices in the LPS-induced rats NSCs 
inflammation model and improved the viability of rats NSCs following inflammatory injury. STS also significantly 
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Introduction
Spinal cord injury (SCI) is a severe neurological disorder 
that can lead to a range of sensory and motor impair-
ments [1, 2]. With the increasing incidence of SCI world-
wide, it has become a major burden on society, patients, 
and caregivers [3, 4]. The complex pathophysiological 
mechanisms of SCI involve primary injury due to the ini-
tial mechanical trauma and secondary injury caused by 
factors such as inflammation, oxidative stress, autoph-
agy, and apoptosis. Current treatments can only alleviate 
symptoms and reduce complications, but no definitive 
cure exists [5, 6]. Recent studies have found that endog-
enous neural stem cells (ENSCs) can proliferate and dif-
ferentiate into neurons and astrocytes after SCI [7, 8]. 
However, the complex microenvironment post-injury 
limits the proliferation of ENSCs and results in a lower 
differentiation rate into neurons and a higher rate into 
astrocytes, thereby limiting functional recovery of the 
spinal cord [9, 10]. Therefore, developing regenerative 
strategies that promote the proliferation and neuronal 
differentiation of ENSCs holds significant potential.

Tanshinone IIA (TIIA) is an important lipophilic active 
component of the traditional Chinese herb Danshen (Sal-
via miltiorrhiza Bge.). Pharmacological studies have con-
firmed that TIIA has extensive neuroprotective effects 
in various CNS diseases, including anti-inflammatory, 
immune-regulating, and antioxidant activities [11, 12]. 
Sodium tanshinone IIA sulfonate (STS), a derivative of 
TIIA, significantly enhances water solubility, making it 
easier to prepare injectable formulations and increas-
ing bioavailability [13, 14]. Previous studies have shown 
that STS can improve motor and sensory functions in 
rats with SCI, repair damaged blood-spinal cord barrier 
structures, modulate microglial phenotypic polarization, 
and reduce inflammatory responses, thus exerting neu-
roprotective effects [15, 16]. Additionally, our previous 

research found that STS can promote the remodeling 
of spinal neural pathways controlling the lower urinary 
tract, thereby improving neurogenic lower urinary tract 
dysfunction caused by SCI [17]. However, the effects of 
STS on the proliferation and differentiation of neural 
stem cells (NSCs) after SCI remain unclear and require 
further exploration.

Based on this, we designed both in vivo and in vitro 
experiments to determine whether STS can regulate the 
proliferation and differentiation of ENSCs post-SCI and 
to preliminarily elucidate its mechanism of action. Our 
results indicate that STS can promote the proliferation 
of rats ENSCs, induce their differentiation into neurons, 
and inhibit their differentiation into astrocytes. Fur-
thermore, the regulatory effects of STS on NSCs may 
be achieved by inhibiting the excessive activation of the 
Notch signaling pathway post-SCI. This finding provides 
new insights into the treatment of SCI and offers more 
options and directions for future research.

Methods
Fabrication of animal models and drug delivery methods
A total of 108 female adult Sprague–Dawley (SD) rats 
weighing 280–320  g were used in this study. The rats 
were purchased from SPF (Beijing) Biotechnology Co., 
Ltd. The Animal Ethics Committee of Beijing Univer-
sity of Chinese Medicine approved all experimental 
and animal procedures outlined in this study (Approval 
Number: BUCM – 2023052602–2135, Beijing, China), 
conducted in accordance with the principles described 
in the National Institutes of Health (NIH) Guide for the 
Care and Use of Laboratory Animals (NIH Publications 
No. 8023). The rats were housed in a controlled environ-
ment with a 12:12 h light-dark cycle and had unrestricted 
access to food and water. Each rat was assigned a num-
bered ear tag. The rats were randomly divided into three 
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groups: sham group (n = 36), SCI group (n = 36), STS 
group (n = 36). The rats were anesthetized with 4% pento-
barbital (0.1 mL/100 g, intraperitoneal injection). Subse-
quently, a laminectomy was performed at the T9 segment 
to expose the spinal cord. An incomplete SCI animal 
model (height: 25  mm, weight: 10  g) was established 
using an NYU impactor (model-II manual, NYU, USA). 
The sham group underwent laminectomy without SCI. 
The STS group was administered daily intraperitoneal 
injections of STS solution (provided by SPH No.1 Bio-
chemical & Pharmaceutical Co., Ltd.; Shanghai, China) at 
a dose of 20 mg/kg for 14 consecutive days, based on our 
previous research results [17]. The sham and SCI groups 
received equal amounts of saline intraperitoneally for 
14 consecutive days. All three groups were immediately 
administered intraperitoneal injections of EDU (5 mg/kg) 
(Cat# ST067, Beyotime Biotechnology, Shanghai, China) 
twice daily for 14 days, followed by injections every three 
days until the day of sampling, with one final injection 
four hours before sampling. EDU intraperitoneal injec-
tion labels proliferating cell nuclei after SCI, providing 
greater accuracy and ease of use compared to the previ-
ously used BrdU.

Behavioral evaluations
Basso, Beattie, Bresnahan locomotor rating scale
The Basso, Beattie, and Bresnahan (BBB) locomotor rat-
ing scale was used to assess hind limb motor function 
[18]. The scale evaluates stepping ability, bilateral joint 
movement, coordination, and trunk stability, with higher 
scores indicating better motor function. Assessments 
were conducted before injury and at 1, 3, 7, 14, 21, 28, 
and 56 days post-injury in an open field.

Inclined plate test
According to previous reports [19], a rough-surfaced 
rectangular wooden board was prepared. Rats were posi-
tioned on the board with their heads against the wall, and 
the longitudinal axis of their bodies parallel to the long 
side of the board. The board was then raised against the 
wall, and the angle formed between the long side of the 
board and the experimental operating table was mea-
sured with a goniometer. The result was recorded as 
the maximum angle at which the rat could stay on the 
inclined board for at least 5  s. Assessments were per-
formed before injury and at 1, 3, 7, 14, 21, 28, and 56 days 
post-injury.

Tissue processing
At designated time points post-injury, rats were anes-
thetized with 4% pentobarbital and intracardially per-
fused with at least 200 mL of phosphate-buffered saline 
(PBS), followed by 400 mL of 4% paraformaldehyde (Cat# 
P0099, Beyotime Biotechnology). Subsequently, 1.5  cm 

segments were obtained from the injured lesion. The 
remaining rats were sacrificed without perfusion, and 
the spinal cord was extracted for further analysis. Tis-
sues were stored at − 80 ℃. The spinal cord tissue from 
perfused rats was used for tissue sectioning and staining, 
while the spinal cord tissue from non-perfused rats was 
used for molecular biology experiments.

Paraffin section preparation
At designated time points after injury, the tissue around 
the injury site (about 1.5 cm) was obtained and fixed in 
paraformaldehyde for at least 48 h. Subsequently, the tis-
sue was dehydrated in a gradient series of alcohol, and 
followed cleared by xylene, embedded in paraffin, cut 
into 5 μm serial sections, heated at 37 ℃ for at least 4 h, 
and then stored at room temperature.

Serum preparation
At 14 days post-SCI, blood (5 mL) was collected from the 
abdominal aorta of normal or injured rats in each group. 
After standing for about 1 h, the blood was centrifuged at 
4 ℃, 3000 rpm, for 15 min. The supernatant serum was 
collected into 1 mL sterile centrifuge tubes. To maximize 
the use of the rats, fresh spinal cord tissue was immedi-
ately collected on ice for subsequent analysis.

Histological staining
Hematoxylin and eosin (HE) and Nissl staining were per-
formed at 14 and 56 days post-SCI. For HE staining, the 
prepared spinal cord tissue sections were de-paraffinized, 
stained with hematoxylin (for 30 s) and eosin (for 30 s), 
dehydrated, and sealed for microscopic examination. For 
Nissl staining, spinal cord tissue sections were de-par-
affinized and washed with distilled water. According to 
the steps described in the Nissl staining kit (Cat# G1430, 
Solarbio Life Science, Beijing, China), the sections were 
immersed in tar violet staining solution, stained at 56 ℃ 
for 60 min, rinsed with distilled water for 30 s, differen-
tiated in Nissl differentiation solution for 30 s to 2 min, 
and observed under a light microscope until satisfactory 
staining was achieved. After dehydration, sections were 
treated with xylene until transparent and fixed with neu-
tral resin for further microscopic examination.

Tissue Immunofluorescence staining
The prepared spinal cord tissue sections were de-paraf-
finized and placed in a repair box filled with ethylene-
diaminetetraacetic acid (EDTA) disodium salt (pH 8.0) 
antigen repair solution and subjected to antigen repair in 
a microwave oven. After natural cooling, the slides were 
placed in PBS and washed 3 times. The sections added 
bovine serum albumin (BSA) dropwise and closed for 
10  min. Primary antibodies namely Nestin (1:100, Cat# 
19483-1-AP, ptg inc., Wuhan, China), NeuN (1:200, Cat# 
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DF6145, Affinity Biosciences, Zhangjiagang, China), 
GFAP (1:200, Cat# GB12090100, Servicebio, Wuhan, 
China) were then incubated with the sections overnight 
at 37  °C. Subsequently, secondary antibodies, namely 
goat anti-mouse IgG (1:200, Cat# ab150117, Abcam plc.) 
and goat anti-rabbit IgG (1:200, Cat# ab6717, Abcam 
plc.) were incubated with the sections in a humidified 
and light-protected chamber for 1 h. After washing, the 
sections were stained with 4’,6-diamidino-2-phenylindole 
(DAPI, Cat# ab104139, Abcam plc.) sealing agent. Digi-
tal slide scanner was used to capture images, and semi-
quantitative analysis of the expression of Nestin, NeuN 
and GFAP was performed. The count of positive cells was 
measured using Image J software (National Institutes of 
Health).

Culture and identification of NSCs
Primary rat spinal cord NSCs (Cat# CP-R313, Boster Bio-
logical Technology, Ltd., Wuhan, China) were extracted 
from fetal rat spinal cords and cultured using the asso-
ciated complete NSC culture medium (Cat# CP-R313, 
Boster Biological Technology, Ltd.). The medium was 
changed every 2–3 days, and the cells were passaged after 
6 days of culture. Third-generation cells were inoculated 
into six-well plates for further experiments.

Nestin was used to identify NSCs. Immunofluores-
cence staining was performed on the suspension and 
walled cells. Poly-L-lysine-coated coverslips were placed 
in a 6-well plate, and 1 mL of a third-generation NSC sus-
pension at a density of 1 × 10⁴ cells/mL was added to each 
well. The cells were cultured in a 37 °C, 5% CO₂ incuba-
tor for 24  h, after which the coverslips were removed. 
The cells were washed three times with PBS buffer, with 
each wash lasting 5 min. Then, the cells were then fixed 
with 4% paraformaldehyde for 30 min and washed three 
times with PBS. Nestin antibody (1:50, Cat# 19483-1-AP, 
ptg inc.), was then incubated overnight at 4℃, followed 
by incubation with secondary antibody under low light, 
namely goat anti-rabbit IgG (1:500, Cat# ab6717, Abcam 
plc.) at room temperature for 120 min. Finally, the cells 
were stained with DAPI for 10 min under low light, fol-
lowed by fluorescence microscopy.

Effects of STS and LPS on NSC viability and proliferation
NSCs were seeded into three 96-well plates at a density of 
1 × 10^5 cells/100 µL per well and cultured with primary 
NSC medium containing various concentrations of LPS 
(5  µg/mL, 10  µg/mL, 20  µg/mL, 50  µg/mL). A control 
group without LPS and a blank group with no cells were 
also set up. At 24, 48, and 72  h, one 96-well plate was 
taken, and 10 µL of Cell Counting Kit-8 (CCK-8) solution 
was added to each well and incubated for 1 h. The absor-
bance at 450 nm was measured using a microplate reader 
to reflect cell viability and proliferation.

STS was stored in a light-protected manner at -20  °C. 
After removing from the freezer, the required amount 
was dissolved in DMSO to prepare a 10 mM stock solu-
tion, which was aliquoted and stored at -80 °C. The stock 
solution was diluted with primary NSC medium to pre-
pare working solutions at concentrations of 1 µM, 3 µM, 
5 µM, 10 µM, and 20 µM. At 24, 48, and 72 h, cell viability 
and proliferation were assessed using the CCK-8 assay.

To explore the effects of STS on LPS-treated NSCs, 
the cells were divided into the following groups: con-
trol group (no STS and no LPS), STS group (10  µg/mL 
STS for 24 h), LPS group (20 µg/mL LPS for 48 h), and 
LPS + STS group (20  µg/mL LPS for 48  h followed by 
10 µg/mL STS for 24 h). The control group received pri-
mary NSC medium, the STS group received medium 
with 10  µg/mL STS for 24  h, the LPS group received 
medium with 20 µg/mL LPS for 48 h, and the LPS + STS 
group received medium with 20 µg/mL LPS for 24 h fol-
lowed by medium with 10 µg/mL STS for 24 h. Cell via-
bility and proliferation were assessed using the CCK-8 
assay and immunofluorescence cell counting.

Differentiation of NSCs
Third-generation NSCs were switched to differentiation 
medium (99% primary NSC medium + 1% fetal bovine 
serum) for differentiation culture. The cells were divided 
into control, STS, LPS, LPS + STS, VPA, and VPA + STS 
groups. Following Platta’s method, the Notch signaling 
pathway was significantly activated by 4 mM VPA for 
48 h [20]. The differentiation culture period was 5 days, 
with the medium changed 1–2 times.

Cellular Immunofluorescence assay
Poly-L-lysine-coated coverslips were placed in a 24-well 
plate, and 1 mL of a third-generation NSC suspension 
at a density of 1 × 10⁴ cells/mL was added to each well. 
The cells were cultured in a 37 °C, 5% CO₂ incubator for 
24 h, after which the coverslips were removed. The cells 
were washed three times with PBS buffer, with each wash 
lasting 5 min. Cells were fixed on slides with 4% parafor-
maldehyde, washed three times with PBS for 2 min each, 
and incubated with blocking solution at 37 °C for 60 min. 
Primary antibodies (Nestin, 1:100, Cat# 19483-1-AP, ptg 
inc.; NeuN, 1:200, Cat# DF6145, Affinity Biosciences; 
GFAP, 1:200, Cat# GB12090100, Servicebio) were added 
and incubated overnight at 4  °C. The next day, the sec-
ondary antibodies and DAPI were added and incubated 
under low light. Finally, images were captured using fluo-
rescence microscopy.

Western blot analysis
At designated time points after injury, total protein 
was extracted from cells or spinal cord tissues. Spinal 
cord NSCs and tissues were homogenized in ice-cold 
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RIPA lysis buffer (Cat# R0010, Solarbio Life Sciences). 
After determining the protein concentration using a 
BCA assay kit (Cat# 23225, Thermo Fisher Scientific, 
Waltham, USA), the proteins were detached using 10% 
sodium dodecyl sulfate–polyacrylamide gel electro-
phoresis (PAGE). Thereafter, the proteins were trans-
ferred to polyvinylidene fluoride (PVDF) membranes, 
which were blocked with 0.1% TBS-T containing 5% 
skim milk powder for 1 h. Subsequently, the membrane 
was incubated overnight at 4  °C with the following pri-
mary antibodies: Nestin (1:1000, Cat# 19483-1-AP, ptg 
inc.), NeuN (1:1000, Cat# DF6145, Affinity Biosciences), 
GFAP (1:1000, Cat# GB12090100, Servicebio), Notch1 
(1:1000, Cat# 4350T, Cell Signaling Technology, Danvers, 
USA), DLL1 (1:1000, Cat# 2588T, Cell Signaling Technol-
ogy), Hes5 (1:1000, Cat# ab194111, abcam plc.), β-actin 
(1:3000, Cat# AF7018, Affinity Biosciences). After incu-
bation, the membrane was washed and secondary anti-
bodies were added and incubated at 37  °C for 60  min. 
After which, the membrane was washed again, and 
immersed in enhanced chemiluminescence (ECL) color 
development solution for 4  min, followed by exposure, 
imaging, and fixing in a darkroom. Finally, ImageJ soft-
ware (National Institutes of Health) was used to quantify 
the protein expression in each band.

Real-time polymerase chain reaction (RT-PCR)
Total RNA was extracted from the injured spinal cord 
and spinal cord NSCs using TRIzol reagent (Invitrogen, 
USA). The extracted RNA (1 µg) was reverse transcribed 
into cDNA using the SuperScript III RT kit (invitrogen, 
USA). Real-time Polymerase Chain Reaction (RT-PCR) 
was performed using a Real-Time PCR kit (invitrogen, 
USA). The reaction system consisted of 2  µl of cDNA, 
10  µl of SYBR mix, and 1  µl of each primer. The PCR 
conditions were as follows: preincubation at 95℃ for 
5 min, followed by 40 cycles of denaturation at 94 ℃ for 
10 s, annealing at 58 ℃ for 20 s and extension at 72 ℃ 
for 20 s using the RT-PCR machine (Applied Biosystems, 
Carlsbad, CA, USA). The primer details are provided in 
Table 1 (Nestin, NeuN, GFAP, Notch1, DLL1, Hes5 and 
β-actin).

Enzyme-linked immunosorbent assay (ELISA)
ELISA kits were used to investigate the expression levels 
of tumor necrosis factor (TNF)-α, interleukin (IL)-10, 
and IL-6 in rat serum according to the manufacturer’s 
instructions (all ELISA kits were purchased from Jian-
glai Bio, Shanghai, China). For spinal cord NSC, a small 
amount of culture medium was collected and centrifuged 
at 1200 rpm for 5 min to obtain the cell supernatant. The 
levels of TNF-α and IL-6 in the supernatant were then 
detected using ELISA kits. Absorbance was measured 
at 450 nm using a microplate reader (Multiskan MS 352, 
Labsystems, Finland), and the concentrations of TNF-α, 
IL-10, and IL-6 were calculated from standard curves.

Statistical analysis
Statistical analysis and data visualization were performed 
using SPSS 26.0 software (IBM Corp., Armonk, NY, USA) 
and GraphPad Prism 8.0 software (GraphPad software 
Inc., San Diego, CA, USA). Continuous variables were 
expressed as means ± S.D. The normality and homogene-
ity of variance were checked to ensure that the data fol-
lowed a normal distribution and showed homogeneity 
of variance. Subsequently, one-way analysis of variance 
(ANOVA) was used for multiple comparisons. For con-
tinuous data that did not meet the normal distribution 
criteria, non-parametric tests were used. A significance 
level of P < 0.05 was considered statistically significant.

Results
STS treatment promotes Attenuation of LPS-induced 
inflammation and proliferation in NSCs
Initially, the third generation NSCs were identified using 
the marker Nestin through immunofluorescence stain-
ing (Fig. 1A). NSCs from the third generation were used 
for subsequent experiments. Cell viability of spinal cord 
NSCs was assessed using CCK8, demonstrating a time 
and concentration-dependent toxicity of LPS. Based on 
these results, 20 µg/mL of LPS intervention for 48 h was 
chosen as the optimal dose for subsequent experiments 
due to its significant impact on cell viability (Fig.  1B). 
Similarly, 10 µM STS intervention for 24  h showed the 
highest cell viability (Fig.  1C). Therefore, 10 µM STS 
and 20  µg/mL LPS were selected as the experimental 
doses. The results showed that STS treatment signifi-
cantly enhanced cell viability compared to other groups 
(P < 0.05). Additionally, the LPS + STS group exhibited 
higher cell viability compared to the LPS group (P < 0.05) 
(Fig.  1D). Moreover, the levels of TNF-α and IL-6 were 
significantly higher in the LPS group compared to other 
groups (P < 0.001), indicating that STS effectively inhib-
ited LPS-induced inflammatory responses (Fig.  1E and 
F).The immunofluorescence cell counting analysis across 
four experimental groups, with differential fold changes 
compared relative to the control group, demonstrated 

Table 1  Primers of RT-PCR used in this study
Target Forward (5’-3’) Reverse (5’-3’)
Nestin GACCTCCTTAGCCACAACCC GTTCCCAGATTTGCCCCTCA
NeuN CCCCCATTCCAACTTACGGA AACGGACAAGAGAGTGGTGG
GFAP GGGCGAAGAAAACCGCATC TGGGCACACCTCACATCAC
Notch1 CACCCGCCAGGAAAGAGG CAGCGTTAGGCAGAGCAAGG
DLL1 TATCACACCTGGAGCCGAGA AGGGATGCCCGGAAAGTCTA
Hes5 ATGCTCAGTCCCAAGGAGAAA CGAAGGCTTTGCTGTGCTTC
β-actin CTGAACGTGAAATTGTCCGAGA TTGCCAATGGTGATGACCTG
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Fig. 1 (See legend on next page.)
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that the STS group significantly promoted cell prolifera-
tion compared to the other groups (P < 0.01) (Fig. 1G and 
H). 

STS treatment alters NSCs differentiation by inhibiting 
Notch signaling pathway activation
STS treatment was investigated for its effect on NSCs 
differentiation and its modulation of the Notch signal-
ing pathway activation post-inflammatory injury using 
immunofluorescence, Western blotting, and RT-PCR. 
Immunofluorescence staining showed that STS treat-
ment significantly promoted their differentiation towards 
neurons while reducing differentiation towards astro-
cytes (P < 0.05). Moreover, the effects of STS on NSCs 
differentiation were inhibited by the Notch pathway 
agonist VPA (P < 0.05) (Fig.  2A-E). Quantitative analysis 
using Western blotting and RT-PCR confirmed that STS 
treatment promoted proliferation and differentiation of 
LPS-induced inflammatory NSCs, consistent with the 
trends observed in immunofluorescence (Fig. 2F-L). Fur-
thermore, LPS significantly activated the Notch pathway 
in NSCs, similar to the effect of the Notch pathway ago-
nist VPA, while STS treatment suppressed Notch path-
way activation induced by LPS or VPA (Fig. 3A-G). These 
findings suggest that STS regulates NSCs differentiation 
by inhibiting activation of the Notch signaling pathway.

STS promotes motor function recovery after SCI
Motor function recovery following SCI was evaluated 
using the BBB scores and inclined plane test. As shown 
in Fig. 4A, all rats except those in the sham group exhib-
ited severe motor deficits after injury. From day 3 to day 
56 post-injury, the BBB scores in the STS group were sig-
nificantly higher than those in the SCI group (P < 0.05). 
Similarly, the inclined plane test showed a similar trend 
(Fig.  4B). These results indicate that STS significantly 
improves hindlimb motor function in rats after SCI.

STS attenuates inflammatory response after SCI
ELISA was used to measure the levels of inflammatory 
cytokines in rat serum after SCI. The results showed 
a significant increase in pro-inflammatory cytokines 
(IL-6 and TNF-α) levels after SCI. STS treatment effec-
tively reversed this condition and increased the expres-
sion of the anti-inflammatory cytokine IL-10 (P < 0.05) 

(Fig. 4C-E). This suggests that STS can effectively inhibit 
the inflammatory response after SCI.

STS improves pathological morphology of injured spinal 
cord
Histological staining with HE showed that at 2 weeks and 
8 weeks post-injury, the spinal cord tissue in the sham 
group appeared normal without dead cells or inflamma-
tory infiltration (Fig. 5A and D). The SCI group showed 
extensive cell debris, loose and disordered structure, 
inflammatory cell infiltration, and large cavities at the 
injury center at 2 weeks post-injury (Fig. 5B). In the STS 
group, some cell debris and inflammatory infiltration 
were observed at the injury center. The spinal cord tis-
sue showed relatively preserved morphological structure, 
with cavities of varying sizes present at both the injury 
center and its margins. (Fig. 5C). At 8 weeks post-injury, 
the SCI group still showed large cavities at the injury cen-
ter and scattered cavities of various sizes at the injury 
edge (Fig. 5E). In the STS group, circular cavities of vary-
ing sizes were observed at both the injury center and its 
margins. A dense accumulation of glial cells was present 
at the center, with no large cavities observed. (Fig. 5F).

Nissl staining showed that at 2 weeks and 8 weeks post-
injury, the sham group exhibited normal morphology 
of spinal cord neurons, with clear neuronal nuclei and 
Nissl bodies (Fig. 6A, D). The SCI group at 2 weeks post-
injury showed extensive neuronal death, and scattered 
cell debris and cavities due to secondary injury (Fig. 6B). 
In the STS group at 2 weeks post-injury, there were some 
remnants of damaged neurons and cavities (Fig. 6C). At 8 
weeks post-injury, the SCI group still showed some nor-
mal neurons at the distant injury site, along with some 
damaged neurons (Fig. 6E). In the STS group, scattered 
damaged neurons and a widespread distribution of nor-
mal neurons were observed (Fig. 6F).

Time and spatial changes of ENSCs after SCI
The time and spatial changes of ENSCs after SCI were 
studied using immunofluorescence staining. In the sham 
group, NSCs were primarily distributed in the cen-
tral canal and gray matter of the spinal cord at all time 
points (Fig. 7A-C). Fibrous astrocytes (long protrusions, 
fewer branches, abundant glial filaments in the cyto-
plasm) were mainly distributed in the white matter, while 

(See figure on previous page.)
Fig. 1  STS promotes LPS-induced proliferation of spinal cord neural stem cells. (A) Nestin immunofluorescence identification. All DAPI-positive cells are 
Nestin-positive. DAPI (blue), Nestin(green). Scale bar: 20 μm. (B) Changes in spinal cord NSCs relative absorbance with different concentrations and dura-
tions of LPS intervention. (C) Changes in spinal cord NSCs relative absorbance with different concentrations and durations of STS intervention. (D) Effects 
of STS on LPS-induced relative absorbance of spinal cord NSCs. Data are expressed as the means ± S.D. * represents P < 0.05, ** represents P < 0.01, **** 
represents P < 0.0001. (E-F) ELISA detection of pro-inflammatory factors (IL-6 and TNF-α) levels in spinal cord NSCs. Data are expressed as the means ± S.D. 
**** represents P < 0.0001. (G) The effect of STS on LPS-induced Nestin immunofluorescence in spinal cord neural stem cells. (H) Comparison of NSCs 
positive cell counts among different groups.Data are expressed as the means ± S.D. (n = 4 per group). ** represents P < 0.01, **** represents P < 0.0001. 
(I) Timeline of the cell experiment.CCK-8 assays included 6 technical replicates/group across 3 biological repeats, whereas ELISA and IF assays utilized 3 
technical and 3 biological replicates per group
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Fig. 2 (See legend on next page.)
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protoplasmic astrocytes (short thick protrusions, more 
branches, fewer glial filaments in the cytoplasm) were 
mainly distributed in the gray matter (Fig.  7A-C). Neu-
rons were sparse in the gray matter, with a denser dis-
tribution in the anterior horn than in the posterior horn 
(Fig. 7A-C). In the sham operation group, no proliferat-
ing cells were observed. After SCI, there was a significant 
increase in Edu + cells, indicating proliferation of NSCs 
(Edu+ + Nestin+ + DAPI+) primarily in the central canal, 
injury center, and injury edge (Fig. 7A-C). Reactive astro-
cytes (enlarged cell bodies and processes) proliferated 
in response to injury, with a large number observed at 3 
days post-injury (Edu+ + GFAP+ + DAPI+) primarily at 
the injury edge (Fig. 7A). By day 7 post-injury, astrocyte 
proliferation decreased, with most located at the injury 
edge and fewer in the injury center (Fig. 7B). By day 14 
post-injury, cavity formation was evident in the injury 
area, primarily containing astrocytes (Fig. 7C). At 3 days 
post-injury, the number of proliferating mature neurons 
(Edu++ GFAP++ DAPI+) was low (Fig.  7G). At 7 and 14 
days post-injury, the proportion of proliferating mature 
neurons among proliferating cells increased. Proliferating 
neurons were primarily located at the injury margin and 
the dorsal horn of the spinal cord (Fig. 7B-C and G).

At 3 days post-injury, proliferating cells accounted 
for the highest proportion of total cells, with the SCI 
group showing a higher percentage than the STS group 
(P < 0.05)(Fig. 7D). At 7 and 14 days post-injury, the pro-
portion of proliferating cells gradually decreased(Fig. 7D). 
At 3 days post-injury, the majority of proliferating cells in 
the SCI group were astrocytes, accounting for approxi-
mately 30% of total proliferating cells, while in the STS 
group, the majority of proliferating cells were ENSCs, 
comprising about 37% of total proliferating cells (Fig. 7E-
G). At 7 days post-injury, a significant number of neu-
rons proliferated, with the SCI group showing neurons 
accounting for 33% of total proliferating cells, and the 
STS group showing 39%, which was higher than the SCI 
group (P < 0.05) (Fig. 7E-G). At 14 days post-injury, pro-
liferating cells were primarily ENSCs, and the STS group 
had a higher proportion of proliferating ENSCs and neu-
rons compared to the SCI group (P < 0.05), whereas the 
proportion of proliferating astrocytes was lower in the 
STS group than in the SCI group (P < 0.05) (Fig. 7E-G).

STS promotes proliferation and differentiation of ENSCs 
after SCI
The effect of STS on proliferation and differentiation of 
ENSCs after SCI was investigated using immunofluores-
cence staining, Western blotting, and RT-PCR. Results 
demonstrated that the proliferation of NSCs was sig-
nificantly higher in the STS group compared to the SCI 
group (Figs. 7A-C and E). This indicates that STS further 
promotes the proliferation of ENSCs after SCI.

Moreover, the arrangement of astrocytes in the STS 
group was more sparse, with a lower proportion of pro-
liferating cells compared to the SCI group (P < 0.05)
(Fig.  7A-C and F), suggesting that STS reduces differ-
entiation of ENSCs into astrocytes to some extent after 
SCI. Additionally, due to direct and secondary injury, 
more cell debris was observed in the SCI group, whereas 
STS significantly reduced neuronal cell debris and fur-
ther promoted differentiation of ENSCs into neurons 
(Fig. 7A-C and G).

Western blotting and RT-PCR analyses showed simi-
lar results, demonstrating that STS intervention effec-
tively upregulated the expression of Nestin and NeuN 
and downregulated GFAP expression after SCI (Fig.  8). 
These findings confirm that STS promotes proliferation 
of ENSCs after SCI while reducing differentiation into 
astrocytes and promoting differentiation into neurons.

STS May promote proliferation and differentiation of 
ENSCs after SCI by inhibiting Notch signaling pathway 
activation
Notch signaling pathway activation may be involved 
in the regulation of proliferation and differentiation of 
ENSCs by STS after SCI. Therefore, Western blotting and 
RT-PCR were used to evaluate the expression of Notch 
pathway-related proteins and mRNA (Notch1, DLL1, 
Hes5) in the spinal cord at 3 days, 7 days, and 14 days 
post-injury. Results showed that at 3 days, 7 days, and 14 
days post-SCI, the expression of Notch pathway-related 
proteins and mRNA (Notch1, DLL1, Hes5) was signifi-
cantly increased in the SCI group compared to the sham 
group (P < 0.05). However, treatment with STS effectively 
reversed this upregulation of Notch pathway components 
(Fig.  9). This suggests that STS can effectively inhibit 
excessive activation of the Notch pathway after SCI, 
thereby further promoting proliferation and differentia-
tion of ENSCs.

(See figure on previous page.)
Fig. 2  STS modulates the differentiation of spinal cord NSCs. (A-C) Immunofluorescence staining results for Nestin, GFAP, and NeuN. DAPI (blue), Nestin/
GFAP/NeuN (green). Scale bar: 20 μm. (D-E) Comparison of the percentage of positive cells relative to DAPI-positive cells for GFAP and NeuN immuno-
fluorescence staining. Data are expressed as the means ± S.D. (n = 3 per group). * represents P < 0.05, ** represents P < 0.01, **** represents P < 0.0001, ns 
represents P > 0.05. (F) Western blot analysis of Nestin, GFAP, and NeuN. (G-I) Quantitative assessment of Nestin, GFAP, and NeuN proteins. Data are ex-
pressed as the means ± S.D. (n = 3 per group). * represents P < 0.05, ** represents P < 0.01, *** represents P < 0.001, **** represents P < 0.0001, ns represents 
P > 0.05. (J-L) Quantitative analysis of Nestin, GFAP, and NeuN mRNA levels. Data are expressed as the means ± S.D. (n = 3 per group). * represents P < 0.05, 
** represents P < 0.01, *** represents P < 0.001, **** represents P < 0.0001, ns represents P > 0.05
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Fig. 3  STS treatment alters NSC differentiation through the Notch signaling pathway. (A) Western blot analysis of the Notch signaling pathway (Notch1, 
DLL1, and Hes5). (B-D) Quantitative assessment of Notch signaling pathway proteins (Notch1, DLL1, and Hes5). Data are expressed as the means ± S.D. 
(n = 3 per group). * represents P < 0.05, ** represents P < 0.01, *** represents P < 0.001, **** represents P < 0.0001, ns represents P > 0.05. (E-G) Quantitative 
analysis of Notch1, DLL1, and Hes5 mRNA levels. Data are expressed as the means ± S.D. (n = 3 per group). ** represents P < 0.01, *** represents P < 0.001, 
**** represents P < 0.0001
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Discussion
SCI remains a challenging area of research both in basic 
and clinical settings, drawing attention from multi-
disciplinary researchers. Recent advancements in cell 
transplantation, pharmacological treatments, and tis-
sue engineering have shown progress in SCI repair, with 
cell transplantation being particularly notable [21–23]. 
Various exogenous stem cells have been explored for SCI 
treatment, but issues such as ethical concerns, immune 
rejection, tumorigenicity, and heterogeneous therapeu-
tic outcomes have hindered their clinical translation [24, 
25]. ENSCs, possessing differentiation potential within 
the body, have emerged as a promising alternative for 
cell transplantation [26, 27]. ENSCs can proliferate and 
differentiate into neurons and astrocytes post-SCI, con-
tributing to the partial restoration of damaged neural 
networks [28]. However, the limited number of ENSCs 
and their insufficient proliferation and differentiation 
into neurons pose challenges for substantial neural repair 
and functional improvement post-SCI [29]. Therefore, 
finding effective interventions to promote ENSCs pro-
liferation and neuronal differentiation holds immense 
potential for SCI repair.

Following SCI, activated inflammatory responses exac-
erbate secondary injury, which in turn impairs neural 

function recovery post-SCI [30, 31]. The LPS-induced 
inflammatory injury model of spinal cord NSCs used in 
this study mimics the physiological and pathological pro-
cesses of SCI, particularly the impact of secondary injury 
on NSCs proliferation and differentiation. Thus, our study 
established an in vitro model of LPS-induced inflamma-
tory injury in spinal cord NSCs to investigate the effects 
of STS intervention on NSCs proliferation and differen-
tiation. Initial experiments determined that 20  µg/ml 
LPS intervention for 48  h provided optimal conditions 
for modeling. CCK-8 confirmed significant cell damage 
under these conditions, validating successful model con-
struction. ELISA results demonstrated increased secre-
tion of inflammatory cytokines such as IL-6 and TNF-α 
under these conditions, further confirming successful 
model induction of inflammatory injury.

Our study investigated the effects of STS treatment on 
cell viability and inflammatory cytokine expression in spi-
nal cord NSCs post-inflammatory injury. Results showed 
that STS significantly enhanced cell viability and reduced 
levels of inflammatory cytokines (TNF-α and IL-6) com-
pared to the LPS-only group. This indicates that STS 
mitigated inflammatory responses induced by LPS in 
spinal cord NSCs, thereby improving cellular viability 
post-inflammatory injury. Additionally, differentiation 

Fig. 4  STS enhances locomotor recovery and lowers pro-inflammatory factors in spinal cord-injured rats. (A) BBB scores. (B) Inclined plate test. Data 
are presented as means ± S.D. (n = 6 per group). * represents P < 0.05, ** represents P < 0.01, *** represents P < 0.001, **** represents P < 0.0001. (C) ELISA 
detection of levels of anti-inflammatory factors (IL-10) and pro-inflammatory factors (IL-6 and TNF-α) in serum of rats with SCI. Data are expressed as the 
means ± S.D. (n = 3 per group). **** represents P < 0.0001
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cultures of spinal cord NSCs revealed that STS treatment 
significantly increased NSCs proliferation and their dif-
ferentiation into neurons while decreasing differentiation 
into astrocytes. Collectively, these in vitro experimental 
findings provide a basis for further in vivo research.

To further investigate the effects of STS in vivo, we 
established an incomplete SCI model in rats using the 
NYU impactor and treated them with STS via intraperi-
toneal injection for two weeks post-injury. Results dem-
onstrated that STS effectively improved hind limb motor 
function in SCI rats, reduced levels of inflammatory 
cytokines IL-6 and TNF-α, and increased anti-inflamma-
tory cytokine IL-10 levels post-SCI. Histological analy-
sis (HE staining) confirmed that STS reduced cellular 
debris, inflammatory cell infiltration, and tissue cavita-
tion post-SCI. Nissl staining revealed that STS reduced 

neuronal death and cavities, facilitating neuronal recov-
ery post-injury. Overall, our in vivo experiments dem-
onstrated that STS improved pathological morphology 
of the injured spinal cord, attenuated inflammation, and 
restored hind limb motor function in SCI rats.

Following SCI, ENSCs begin to proliferate, differenti-
ate, and migrate to the injury site in response to primary 
and secondary injuries [32]. Therefore, we investigated 
the temporal and spatial changes of ENSCs post-SCI and 
the effects of STS. Results showed that the peak prolif-
eration of ENSCs occurred at 3 days post-SCI, with a 
subsequent decline observed from 7 days onwards. At 
3 days post-injury, the majority of proliferating cells in 
the SCI group were astrocytes, while in the STS group, 
the majority of proliferating cells were ENSCs. At 7 days 
post-injury, the proportion of proliferating neurons 

Fig. 5  Spinal cord tissues were collected at 2 and 8 weeks post-injury and embedded in paraffin. Transverse sections were made approximately 1 mm 
from the center of the SCI. Representative images from each group were randomly selected for HE staining, avoiding the selection of the most severe or 
the mildest sections. (A) Spinal cord at 2 weeks post-injury in the sham group; (B) Spinal cord at 2 weeks post-injury in the SCI group; (C) Spinal cord at 2 
weeks post-injury in the STS group; (D) Spinal cord at 8 weeks post-injury in the sham group; (E) Spinal cord at 8 weeks post-injury in the SCI group; (F) 
Spinal cord at 8 weeks post-injury in the STS group. Scale bar = 200 μm in spinal cord overall view, and Scale bar = 50 μm in details of the site of injury
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increased. At 14 days post-injury, the STS group showed 
a higher proportion of proliferating ENSCs and neurons 
compared to the SCI group, while the proportion of pro-
liferating astrocytes was lower in the STS group than in 
the SCI group. Proliferating NSCs were predominantly 
distributed in the central canal, injury center, and periph-
ery, while proliferating astrocytes were mainly located at 
the injury periphery. Proliferating neurons were predom-
inantly located at the injury periphery and dorsal horn of 
the spinal cord. Spatially, STS-treated groups exhibited 
increased migration of proliferating NSCs to the injury 
center and periphery compared to the SCI-only group, 
where proliferating NSCs were sparsely distributed at 
the injury periphery. Reactive astrocytes (characterized 
by enlarged cell bodies and processes) were observed at 
the injury periphery from 3 days post-SCI onwards, with 
their density higher in the SCI-only group compared 
to the STS-treated group at 7 and 14 days post-SCI. 

Neuronal death due to direct and secondary injuries 
resulted in fewer neuronal fragments in the STS-treated 
group compared to the SCI-only group. At 3 days post-
injury, mature neuronal proliferation was not evident, 
while at 7 and 14 days post-injury, STS-treated groups 
exhibited significantly higher proliferating neurons at the 
injury periphery compared to the SCI-only group. Thus, 
STS effectively promoted ENSCs proliferation post-SCI, 
reduced astrocytic differentiation, and facilitated neuro-
nal differentiation.

Notch signaling pathway inhibits neuronal regen-
eration and differentiation of NSCs. SCI results in both 
primary mechanical damage to neurons and secondary 
damage caused by changes in the injury microenviron-
ment, inflammatory cell infiltration, and elevated levels 
of inflammatory cytokines [33–35]. Activation of the 
Notch signaling pathway post-SCI has been shown to 
inhibit neuronal regeneration and the differentiation of 

Fig. 6  Nissl staining results of spinal cord tissue at the injury site in rats after SCI. (A) Spinal cord at 2 weeks post-injury in the sham group; (B) Spinal cord 
at 2 weeks post-injury in the SCI group; (C) Spinal cord at 2 weeks post-injury in the STS group; (D) Spinal cord at 8 weeks post-injury in the sham group; 
(E) Spinal cord at 8 weeks post-injury in the SCI group; (F) Spinal cord at 8 weeks post-injury in the STS group. Scale bar = 200 μm in spinal cord overall 
view, and Scale bar = 50 μm in details of the site of injury
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Fig. 7  STS promotes the proliferation of ENSCs and neurons in rats post-SCI. (A-C) Immunofluorescence staining of Nestin, GFAP, NeuN, and EDU in 
spinal cord tissues at 3 d, 7 d, and 14 d post-SCI. DAPI (blue), Nestin/GFAP/NeuN. (green), and EDU (red).Scale bar = 200 μm in the overall view of the 
spinal cord, and scale bar = 20 μm in detailed views. (D) Quantitative comparison of the percentage of EDU-positive cells relative to total cells in the SCI 
and STS groups at 3 d, 7 d, and 14 d post-SCI. Data are expressed as the means ± S.D. (n = 3 per group). ** represents P < 0.01. (E-G)Quantitative analysis 
of the percentage of Nestin/EDU, GFAP/EDU, and NeuN/EDU double-positive cells among EDU-positive cells in the SCI and STS groups at 3 d, 7 d, and 14 
d post-SCI. Data are expressed as the means ± S.D. (n = 3 per group). (n = 3 per group).* represents P < 0.05, ** represents P < 0.01,*** represents P < 0.001, 
**** represents P < 0.0001

 



Page 15 of 18Zhong et al. Journal of Translational Medicine          (2025) 23:367 

Fig. 8  Expression of NSCs, Astrocytes, and Neurons in Rats After SCI. (A-B) Western blot and quantitative analysis of markers for NSCs, astrocytes, and neu-
rons (Nestin, GFAP, and NeuN). Data are expressed as the means ± S.D. (n = 3 per group). * represents P < 0.05, ** represents P < 0.01, *** represents P < 0.001, 
**** represents P < 0.0001, ns represents P > 0.05. (C) Quantitative analysis of Nestin, GFAP, and NeuN mRNA levels. Data are expressed as the means ± S.D. 
(n = 3 per group). * represents P < 0.05, ** represents P < 0.01, *** represents P < 0.001, **** represents P < 0.0001
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Fig. 9  Potential Mechanism of STS Altering the Proliferation and Differentiation of Endogenous NSCs in Rats After SCI. (A) Western blot analysis of the 
Notch signaling pathway (Notch1, DLL1, and Hes5). (B) Quantitative assessment of Notch signaling pathway proteins (Notch1, DLL1, and Hes5). Data are 
expressed as the means ± S.D. (n = 3 per group). ** represents P < 0.01, *** represents P < 0.001, **** represents P < 0.0001, ns represents P > 0.05. (C) Quan-
titative analysis of Notch1, DLL1, and Hes5 mRNA levels. Data are expressed as the means ± S.D. (n = 3 per group). ** represents P < 0.01, *** represents 
P < 0.001, **** represents P < 0.0001
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NSCs into neurons [36, 37]. Previous studies have high-
lighted the critical role of the Notch signaling pathway 
in regulating NSCs proliferation and differentiation [38]. 
Overexpression of Notch signaling suppresses neuronal 
regeneration and NSCs proliferation after zebrafish SCI, 
whereas inhibition of Notch signaling increases neurons 
and NSCs [39]. NSCs can differentiate into neurons and 
glial cells, promoting axon regeneration and the con-
struction of neural circuits. They secrete neurotrophic 
factors via autocrine or paracrine actions to support neu-
ronal survival [40–42]. Activation of the Notch signaling 
pathway post-SCI plays a crucial role in the proliferation 
and maintenance of astrocytes, restricting NSCs prolif-
eration and their differentiation into neurons, thereby 
promoting the differentiation of proliferating NSCs into 
astrocytes [43, 44]. Astrocytes contribute to the forma-
tion of glial scars post-SCI, which act as physical and 
chemical barriers to axon regeneration, thus hindering 
spinal cord repair [45].

In our study, we found that LPS significantly activates 
the Notch pathway in vitro, similar to the Notch agonist 
VPA. However, STS treatment can inhibit the activa-
tion of the Notch pathway induced by LPS or VPA. This 
suggests that STS regulates NSCs differentiation by sup-
pressing the activation of the Notch signaling pathway. 
Consistent with our in vitro findings, in rats with SCI 
at 3, 7, and 14 days post-injury, the expression of Notch 
pathway-related proteins (Notch1, DLL1, Hes5) and 
their mRNA levels were significantly elevated in the SCI 
group compared to the sham-operated group, whereas 
STS treatment effectively reversed this trend. This indi-
cates that STS effectively inhibits excessive activation of 
the Notch pathway post-SCI, thereby further promoting 
ENSCs proliferation and differentiation.

Limitations
It is important to emphasize that our study is limited to 
rats, and the conclusions cannot yet be generalized to 
other animals or humans. Although we have explained 
that the mechanism by which STS promotes NSC pro-
liferation and differentiation into neurons is associated 
with the inhibition of the Notch signaling pathway’s aber-
rant activation after SCI, the Notch pathway may not act 
in isolation, and further studies are needed to validate 
this. Our current research focuses solely on the effects 
of STS on NSC proliferation and differentiation, while 
NSC apoptosis also plays a crucial role in neural function 
repair. More in-depth research is needed to provide a 
more comprehensive understanding of the impact of STS 
on NSCs.

Conclusion
STS promotes the proliferation of ENSCs post-SCI in 
rats, induces their differentiation into neurons, and inhib-
its their differentiation into astrocytes, thereby improv-
ing the pathological morphology of the injured spinal 
cord and promoting the recovery of hindlimb motor 
function in rats post-SCI. Furthermore, the regulatory 
effects of STS on the proliferation and differentiation of 
ENSCs post-SCI in rats may be related to its inhibition of 
the excessive activation of the Notch signaling pathway.
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