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Objective(s): Resveratrol has been recognized as a potential therapeutic drug in spinal cord injury 
(SCI). Sirtuin 1 (SIRT1) is vital in the regulation of apoptosis and cell stress response. In this research, 
our purpose was to explore the mechanisms of resveratrol on neuroprotection and to explore the role 
of SIRT1.
Materials and Methods: We used lipopolysaccharide (LPS) in the VSC4.1 spinal cord neuron cell line to 
mimic the micro-environment of the injured spinal cord. The apoptosis of VSC4.1 motoneurons was 
assessed by TUNEL staining, Western blot, and RT-PCR. Immunofluorescence staining was used to 
observe the expression site of SIRT1, LC3-B, and Beclin-1, and their protein levels were measured by 
Western blot and RT-PCR.
Results: Our results showed that resveratrol inhibits LPS-induced apoptosis in VSC4.1 motoneurons. 
Levels of LC3-B, beclin-1, and SIRT1 indicated a significant increase after resveratrol treatment. 
But, if autophagy was inhibited, apoptosis in VSC4.1 motoneurons significantly increased. When the 
cells were treated with EX527, a SIRT1 inhibitor, the protein contents of LC3-B and Beclin-1 were 
suppressed.
Conclusion: Resveratrol inhibits apoptosis through promoting autophagy in VSC4.1 motoneurons. 
SIRT1 was involved in autophagy activated by resveratrol in VSC4.1 motoneurons.
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Introduction
Spinal cord injury (SCI), which leads to serious nervous 

system damage, is one of the main causes of disability. 
After SCI, a lot of neuronal apoptosis, especially of motor 
neurons, occurs during the secondary injury process 
(1). The secondary injury process results in numerous 
neuronal losses, which are important mechanisms 
of secondary injury (2, 3). Thus, inhibiting neuronal 
apoptosis and reducing secondary injury are among the 
treatment strategies for SCI (4). 

Autophagy is a primary means of intracellular 
degradation of proteins and organelles in the cytoplasm 
(5). Autophagy function abnormalities can cause various 
diseases and autophagic cell death (6, 7). However, more 
and more studies indicate that autophagy functions 
as one of the protective factors in numerous diseases 
and serves a considerable role in neurodegenerative 
diseases (8).

Sirtuin 1 (SIRT1) is a deacetylase dependent on 
nicotinamide adenosine dinucleotide (NAD). It is a class 
III histone deacetylase belonging to the sirtuin family. 
SIRT1 is vital in regulating the cell stress response, 
apoptosis, metabolism, and survival (9-11). Recent 
studies show that up-regulation of SIRT1 can be a 
therapeutic target for neurodegeneration diseases (12, 
13). Studies showed that after up-regulation of SIRT1, 
autophagy expression increases significantly in some 

diseases (14, 15). However, the possible therapeutic 
effect of SIRT1 activation for SCI and the potential 
relevance of SIRT1, autophagy after SCI is still not clear.

In this research, we used LPS to treat VSC4.1 motor 
neuron cell line to mimic the micro-environment of an 
injured spinal cord. LPS is the main component of the 
outer membrane of gram-negative bacteria, and it is 
widely used to induce inflammatory responses (16). LPS 
increased the expression of inflammatory factors, such 
as TNF-α in macrophages, epithelial cells, astrocytes, 
and microglia (17-19). It has been confirmed that acute 
LPS application induced inflammatory responses and 
apoptosis of neurons in the brain and spinal cord (20-
22). We also used resveratrol to up-regulate SIRT1 
expression. 3-MA and EX527 were used to inhibit 
autophagy and expression of SIRT1. EX527 is a potent 
and selective SIRT1 inhibitor that can effectively inhibit 
SIRT1 deacetylase activity. 3-MA blocks autophagy 
through the action of phosphoinositide 3-phosphate 
kinase (PI3K). 

Our results showed that resveratrol protects 
VSC4.1 motoneurons against LPS- induced apoptosis. 
Resveratrol promoted autophagy and up-regulated 
SIRT1. Autophagy inhibition increased apoptosis, 
however, expression of SIRT1 demonstrated no 
significant difference. Interestingly, autophagy 
decreased when SIRT1 was inhibited, but apoptosis 
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increased significantly. All these findings indicated that 
SIRT1 up-regulation played a significant role in the 
protection of resveratrol against apoptosis by promoting 
autophagy after SCI. 

Materials and Methods
Cell culture

VSC4.1 cells are a spinal cord anterior horn motor 
neuron tumor cell line. VSC4.1 motoneurons were 
cultured in high glucose Dulbecco’s modified eagle 
medium (DMEM) (Hyclone, Utah, USA). 15% (v/v) FBS 
(Gibco, USA) and 1% (w/v) penicillin and streptomycin 
(Gibco, USA) were added to the medium. The cells were 
stored at 37 °C in an incubator for subsequent use.

Cell viability assay
3-(4, 5-dimethylthiazol-2-yl) -2,5-diphenyltetrazolium

bromide (MTT) was used to detected cell survival 
rate. In order to screen the appropriate concentration 
of resveratrol, MTT assay was used. Incubated in a 
thermostatic incubator at 37 °C for 24 hr with resveratrol 
concentration gradient (0, 2, 4, 6, 8, 10, 12, 15, 18, and 
20 μM), MTT (20 μl, 5 μg/ml, Sigma, Germany) was 
added to the medium in each well. Next, the media 
were dumped and a 150 μl dimethyl sulfoxide (DMSO, 
Sigma, Germany) was added. Then, the VSC4.1 cells 
were incubated for 4 hr at 37 °C. A spectrophotometer 
(Thermo Fisher Scientific, Massachusetts) was used to 
detect absorbance at 490 nm; 5 wells were calculated 
per condition.

Cell treatment
Cells were divided into five groups, the names of 

groups were control, LPS, resveratrol, EX527, and 3-MA. 
The cells of the control group were cultured in the 
medium only. The other four groups were all treated 
with lipopolysaccharide (16-19) (LPS, 10 μg/ml, Sigma, 
Darmstadt, Germany). Resveratrol (10 μM, Dalianmeilun, 
Dalian, China) was added to the resveratrol group. 
Resveratrol and 3-MA (10 mM, Selleck, Texas, USA) 
were added to the 3-MA group. Resveratrol and EX527 
(20 μM, Selleck, Texas, USA) were added to the EX527 
group. The cells were harvested and tested one day 
post-treatment.

TUNEL staining
Apoptosis was detected by TUNEL Apo-Green Death 

Detection Kit (Biotool, Texas, USA). Once washed, fixed, 
and blocked, as previously described, the cells were 
incubated with the TUNEL reaction mixture at 37 °C for 
1 hr, and the nuclei were counterstained with the DAPI 
solution (1:1000) at room temperature for 15 min. The 
analysis was conducted using a fluorescence microscope 
and each group was repeated three times to perform 
statistical analysis.

Immunofluorescence analysis
The cells were washed twice with phosphate buffer 

solution (PBS) buffer, then 4% paraformaldehyde was 
added in order to fix the cells. After fixing for 10 min, the 
cells were incubated with goat serum (ZSGB-Bio, China) 
at 4 °C for 2 hr. Cell incubation in the primary antibodies 
exceeds 12 hr. The primary antibodies include rabbit 
anti-SIRT1 (1:200, Cell Signalling, USA) and rabbit anti-

LC3-B (1:200, Abcam, USA). The next day, after washing 
with PBS three times, the cells were incubated with 
mouse anti-β-Tubulin at room temperature for 2 hr. After 
washing again, the cells were incubated with a mixture 
composed of goat anti-rabbit IgG (1:500; Bioss, China) 
and goat anti-mouse IgG (1:500; Bioss, China) at room 
temperature for 2 hr. Finally, the DAPI solution (1:1000) 
was used to dye the nucleus. Fluorescence microscopy 
was used for the observation.

Western blot analysis
When the cells were treated for 24 hr, the cells were 

dissolved in RIPA lysis buffer (Beyotime, China) after 
being collected and washed with 1×PBS twice. The final 
protein concentration (2 μg/μl) was quantitated by 
the BCA kit (EnoGene, Nanjing, China). The prepared 
samples (40 μg) were added into different lanes. The 
protein samples were transferred onto polyvinylidene 
fluoride membranes after electrophoresis in SDS-
PAGE gels of 12% concentration. 5% skimmed milk 
Tris-buffered saline with Tween 20 (TBST) solution 
was used to reduce or eliminate non-specific binding 
protein molecules on the carrier. The membranes were 
blocked at room temperature for 2 hr. Then, primary 
antibodies were added respectively, the membranes 
were incubated with primary antibodies for 16 hr at 
4 °C. The antibody dilution concentrations were anti-
SIRT1 (1:1000, Cell Signalling), anti-Cleaved Caspase-3 
(1:1000, Novus, USA), anti-Caspase-9 (1:1000, Novus, 
USA), anti-Caspase-8 (1:500, Beyotime Biotechnology, 
China), anti-LC3-B (1:1000, Abcam, USA), anti-Beclin-1 
(1:500, Novus, USA), and anti-β-actin (1:1000, Abcam, 
USA). On the second day, after washing with TBST 
three times, the membranes were incubated with 
secondary antibodies (1:10,000, Earthox, USA) at room 
temperature for 2 hr. Then, ECL was used for color 
development. Western blot bands were observed by 
Automated Chemiluminescence Image Analysis System 
(Tanon, China). 

RT-PCR analysis 
Trizol reagent (Invitrogen, Massachusetts, USA) was 

used to extract the total RNA of cells after treatment. 
RNA PCR Kit (Takara, Dalian, China) was utilized to 
synthesize cDNA. RT-PCR amplification was conducted 
using cDNA as the transcription template with the 
following primers:

SIRT1 (forward primer 5’-ATGATTGGCACCGATCCTCG-3’ 
and reverse primer 5’-ATTCCTGCAACCTGCTCCAA-3’); 
Beclin-1 (forward primer 5’-AAAGAGTGGAAGATGTCCGGC-3’ 
and reverse primer 5’-CAGCTGCTTCTCACCCTTGTA-3’);  
Caspase 3 (forward primer 5’-TGGCGATGAACTGGACAACA-3’ 
and reverse primer 5’-TAGAAAAGGGCAACCACCCG-3’); 
β-actin (forward primer 5’- ATATCGCTGCGCTCGTCG-3’ 
and reverse primer 5’-CAATGCCGTGTTC AATGGGG-3’). 
Reaction conditions are as follows: 5 min at 90 °C, 
followed by 27 cycles of 30 sec at 90 °C, 30 sec at 60 °C, 
30 sec at 70 °C, and a final extension at 70 °C for 10 min.

Statistical analysis
Experimental data was represented in mean±SD and 

analyzed with SPSS 22.0. Unpaired Student’s t-test and 
one-way ANOVA were respectively used for comparison 
between two groups or among a plurality of groups. 
When using ANOVA, post hoc test was carried out by 
Student–Newman–Keuls test. P<0.05 was considered 
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statistically significant.

Results
Resveratrol inhibits LPS-induced apoptosis in VSC4.1 
motoneurons

In order to choose the suitable concentration of 
resveratrol, the MTT assay was used to detect cell viability 
of VSC4.1 motoneuronals. VSC4.1 anterior horn motor 
neurons were incubated with resveratrol concentrations 
at 0, 2, 4, 6, 8, 10, 12, 15, 18, and 20 μM for 24 hr. According 
to our results, the maximum concentration of resveratrol 
showing no significant injurious effects on cells was 10 
μM (Figure 1). Thus, 10 μM was selected as the resveratrol 
concentration in this experiment. 

To test whether resveratrol modulated cellular 
apoptosis, TUNEL staining was performed. Results 
showed that LPS treatment increased apoptotic cells 
significantly, while treatment by resveratrol strongly 
reduced the amount of TUNEL positive cells (Figures 
2A, B). Results from Western blot also confirmed that 
resveratrol inhibited LPS-induced apoptosis in VSC4.1 
motoneuronals. As shown in Figure 2 (C, D) and Figure 
5 (A, B, C), the protein levels of Caspase-8, Cleaved 
Caspase-3, and Caspase-9 in the resveratrol group 
were significantly down-regulated compared with the 
LPS-treated group. The mRNA expression of Caspase-3 
detected by RT-PCR showed a similar result (Figures 5 
D, E).

Resveratrol inhibits apoptosis by promoting 
autophagy in VSC4.1 motoneurons 

Immunofluorescence analysis revealed that LC3-B 
was up-regulated in VSC4.1 motoneuronals treated with 
LPS, and resveratrol administration increased LC3-B 
expression more significantly (Figure 3). Western blot 
and RT-PCR results showed that expression of beclin-1 
and LC3-B obviously increased with resveratrol in 
comparison with the LPS group (Figure 6). In order 
to explore the relationship between apoptosis and 
autophagy, 3-MA, the autophagy inhibitor was used. 
As shown in Figure 5, resveratrol reduced apoptosis, 
but if autophagy was suppressed, the levels of cleaved 
caspase-3 and caspase-9 raised significantly. Expression 
of caspase-3 mRNA was detected by RT-PCR showed 

 

  
Figure 1. MTT assay results showed no significant injurious effects 
due to resveratrol treatment from 2 to 10 μM concentrations. *P<0.05, 
**P<0.01 in comparison with control group. n=5 for each group
MTT: 3-(4, 5-dimethylthiazol-2-yl) -2,5-diphenyltetrazolium bromide

Figure 2. (A) Cell apoptosis was detected by TUNEL staining. (B) 
In the comparison between LPS and control groups, the number of 
TUNEL-positive cells showed a significant increase. On the contrary, 
resveratrol treatment reduced the proportion of apoptotic cells 
compared with the LPS group. The scale bar stands for 100 μm. 
**P<0.01 indicates significant differences between groups, n=4 for 
each group. (C, D) Comparing with control, Caspase-8 protein level 
increased obviously after LPS stimulation. Resveratrol inhibited the 
expression of Caspase-8, **P<0.01 indicates significant differences 
between groups, n=5 for each group
LPS: lipopolysaccharide

 

  
Figure 3. (A) Immunofluorescence analysis was used to observe the 
expression of LC3-B. (B) LC3-B exhibited a significant increase in 
the LPS group compared with control cells. Furthermore, resveratrol 
increased the proportion of LC3-B positive cells compared with LPS 
treatment. *P<0.05, **P<0.01 in comparison between groups, n=4 for 
each group
LPS: lipopolysaccharide

 

  

Figure 4. (A) Variation of SIRT1 was detected by immunofluorescence. 
(B) LPS could increase the expression of SIRT1, and resveratrol could 
raise the expression of SIRT1 further. In comparison between groups, 
*P<0.05, **P<0.01 indicates a significant difference, n=4 for each group
SIRT1: Sirtuin 1; LPS: lipopolysaccharide
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a similar result. These findings demonstrated that 
resveratrol inhibits apoptosis through promoting 
autophagy in VSC4.1 motoneurons.

SIRT1 was involved in autophagy activated by 
resveratrol in VSC4.1 motoneurons 

The results from immunofluorescence double-
staining revealed that SIRT1 was up-regulated in VSC4.1 
motoneuronals post-LPS treatment, and resveratrol 
increased SIRT1 significantly (Figure 4). To observe 
the function of SIRT1 in autophagy, EX527 was used 
to suppress SIRT1. Western blot and RT-PCR results 
revealed that the level of SIRT1 in the cells treated with 
resveratrol showed significant up-regulation, whereas 
it was evidently down-regulated with treatment by 
EX527, the SIRT1 inhibitor (Figure 6). The levels of 
beclin-1 and LC3-B evidently decreased in the EX527 
group (Figure 6). RT-PCR results were consistent with 
those of the Western blot (Figure 6). These results 
indicate that SIRT1 suppression could reduce autophagy 
in VSC4.1 motoneurons after LPS treatment. However, 
there was no variation in the expression of SIRT1 when 
treated with 3-MA, the inhibitor of autophagy (Figure 
6). But, if the cells were treated with EX527, a SIRT1 
inhibitor, the protein levels of cleaved caspase-3 and 
caspase-9 increased significantly (Figure 5). RT-PCR 

showed a similar result (Figure 5). The experimental 
results indicate LPS-induced apoptosis in the VSC4.1 
motoneurons increase if SIRT1 and autophagy were 
suppressed.

Discussion
Sirtuins are NAD +/- dependent deacetylases that 

play vital roles in metabolism and stress adaptations. 
SIRT1, a class III histone deacetylase, belongs to the 
sirtuin family and regulates cell stress response, 
apoptosis, metabolism, and survival. Numerous studies 
have confirmed the relationship between SIRT1 and a 
number of physiological functions, including apoptosis, 
inflammation, and aging (10, 23). Recent studies 
have indicated that SIRT1 is strongly implicated in 
neurodegenerative diseases, including Alzheimer’s 
disease as well as ischemic stroke and traumatic brain 

 

  
Figure 5. Protein and mRNA expressions of Caspase-3 and Caspase-9 
were detected using Western blot (A) and RT-PCR (D). (B) and (C) 
respectively showed the average relative gray of Cleaved Caspase-3 
and Caspase-9 protein expressions compared with the β-actin protein. 
(E) shows the average relative gray of Caspase-9 mRNA expression. 
*P<0.05, **P<0.01 in comparison between groups, n=4 for each group

 

Figure 6. Expressions of SIRT1, Beclin-1, and LC3-B were examined 
using Western blot (A) and RT-PCR (E). The average relative gray 
of SIRT1, Beclin-1, and LC3-B compared with β-actin protein was 
displayed respectively in (B), (C), and (D). (F) and (G) show mRNA 
expressions of SIRT1 and Beclin-1, respectively. *P<0.05, **P<0.01, 
compared between groups, n=4 for each group
SIRT1: Sirtuin 1
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injury to the central nervous system (14, 24). Up-
regulation of SIRT1 by resveratrol showed protective 
effects in diseases such as metabolic syndrome and 
neurodegenerative disorders (25, 26). In our research, 
resveratrol was used to up-regulate SIRT1. The SIRT1 
expression showed a significant increase compared with 
the resveratrol and LPS-treated groups. Treatment with 
resveratrol also promoted the synthesis of autophagy 
proteins, such as Beclin-1 or LC3-B, indicating that 
the over-expression of SIRT1 may increase autophagy 
expression levels after SCI. By contrast, the levels of 
cleaved Caspase-3 and Caspase-9, as well as the number 
of TUNEL-positive cells, showed a remarkable decline 
after resveratrol treatment. This result revealed that 
SIRT1 up-regulation may reduce the expression level of 
apoptosis and may become neuroprotective. 

As a primary means for the intracellular degradation 
of proteins and organelles in the cytoplasm, autophagy 
showed low expressions in normal circumstances 
to eliminate damaged or long-lived proteins (27). 
When the environment stimuli change, the autophagy 
expression increases, which plays a crucial role in the 
pathological processes of numerous diseases, such as 
infections and neurodegenerative disorders (28, 29). In 
this research, the LPS-treated group exhibited obvious 
raise in Beclin-1 and LC3-B compared with the control 
group. Our findings are consistent with these studies. 

Studies demonstrated that SIRT1 up-regulation can 
promote the deacetylation of vital autophagic regulators 
such as ATG5 and ATG7, which suggests the relationship 
between SIRT1 and autophagy (30). In our study, we 
utilized EX527, a SIRT1 inhibitor, to restrain SIRT1 
expression and to down-regulate autophagy using 
the autophagy inhibitor, 3-MA. In the EX527-treated 
group, the levels of SIRT1, Beclin-1, and LC3-B indicated 
significant up-regulation compared with the resveratrol 
group. Compared with the resveratrol-administrated 
group, the Beclin-1 and LC3-B expressions were 
obviously inhibited in the 3-MA-intervened group. 
However, no obvious difference was observed in SIRT1 
expression between the two groups. These results 
revealed that SIRT1 regulation affects autophagy 
expression after SCI and not vice versa. 

Research indicated the potential link between 
autophagy and apoptosis (31, 32). Given the key role 
of Beclin-1 in the beginning of autophagy, caspase 
activation always inhibits the autophagic pathway 
(33,34). A series of cellular stress responses can induce 
autophagy and apoptosis at the same time (35). Cleaved 
Caspase-3 and Caspase-9, as well as apoptotic cells in 
the resveratrol group, were markedly down-regulated 
compared with the LPS-treated cells. By contrast, if 
the cells were treated with autophagy inhibitor or 
SIRT1 inhibitor, the expressions of Cleaved Caspase-3 
and Caspase-9 were significantly up-regulated. These 
results indicated that inhibition of SIRT1 or autophagy 
can increase apoptosis in VSC4.1 motoneurons after 
LPS treatment. Furthermore, the up-regulation results 
of SIRT1 on apoptosis may be in connection with the 
changes in autophagy.  

SCI, which leads to serious nervous system damage, is 
one of the main causes of disability. The pathophysiology 
of SCI includes primary and secondary injuries. Primary 
injury, including mechanical compression, bleeding, and 

electrolyte balance disorders, is irreversible. Secondary 
injury mainly includes post-traumatic inflammation, 
local tissue necrosis and apoptosis, oxidative stress, and 
neuronal apoptosis and necrosis, among others (36-38). 
Research showed that apoptosis of motoneurons is one 
of the main obstacles in recovering motor functions 
after SCI (39, 40).

This research primarily probes the neuroprotective 
effect of SIRT1 and the potential relationship among 
SIRT1, autophagy, and apoptosis using LPS-treated 
VSC4.1 motoneurons to mimic the micro-environment 
of an injured spinal cord. The VSC4.1 cell line from the 
ventral spinal cord neurons can simulate SCI to some 
extent. Our results indicated that SIRT1 up-regulation 
may play a vital part in neuroprotection and may help 
protect against apoptosis by promoting autophagy 
after LPS treatment in VSC4.1 motoneurons. SCI may 
also follow the same mechanism. However, this study 
contains insufficient information for this conclusion. 
Resveratrol has been proven to have neuroprotective 
effects in numerous neurodegenerative diseases (41). 
At the same time, it may protect VSC4.1 motoneurons 
from apoptosis through other signal pathways. However, 
whether this mechanism works in animals still requires 
further verification.

Conclusion
The results of this study indicated that resveratrol 

had obvious anti-apoptosis effects on LPS-induced 
motoneurons. The mechanism may be related to 
activation of autophagy, and SIRT1 was involved in 
autophagy activated by resveratrol.
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