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Abstract: Resveratrol (Res), a natural phenolic compound, has been proven to have a wide variety of beneficial
health effects. For example, resveratrol has neuroprotective effects in different central nervous system diseases.
However, the mechanisms underlying resveratrol neuroprotection in spinal cord injury (SCI) remain unclear. In this
study, we showed that resveratrol treatment improved the restoration of locomotor function, and decreased the
degeneration of neurons in SCI mice, which was paralleled by a reduction of apoptosis. We further examined au-
tophagy markers via western blot and immunofluorescence. Results showed that the beneficial effects of resveratrol
were related to the promotion LC3Il and beclin-1 expression. In addition, autophagy suppression with chloroquine
(CQ) partially abolished apoptosis inhibition and locomotor functional improvement of Res on SCI, which indicated
that the beneficial effect of resveratrol on SCI was through autophagy enhancement. In conclusion, these results
illustrated that the neuroprotective effects of resveratrol in SCI are partially through autophagy stimulation, and

implied that Res is a promising drug for SCI therapy.
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Introduction

Spinal cord injury (SCI) is a highly debilitating
pathology that includes primary and secondary
injury mechanisms [1]. Impact injury to the spi-
nal cord causes damage to neuronal and vas-
cular tissue that cannot be recovered and
regenerated. This is referred to as primary dam-
age [2]. Studies showed that neurons continue
to die for hours after traumatic SCI and many
pathological changes seen following SCI in-
clude edema, electrolyte changes, biochemical
changes, loss of energy metabolism, and ch-
anges in microvascular permeability, which
could amplify irreversible neural tissue injury
[3]. These events that characterize this succes-
sive phase to primary injury are identified as
“secondary injury”, and may lead to excessive
apoptosis of neurons and oligodendrocytes,
progressive degeneration of the spinal cord,
and finally neurological dysfunction [2, 4].
Although the exact molecular pathway of sec-

ondary injury is still controversial, attenuating
the death of secondary neurons may contribute
to locomotor functional improvement.

By maintaining cellular homeostasis, autopha-
gy is a significant process in the pathology and
physiology of the central nervous system [5, 6].
The Atg8 protein, known as microtubule-associ-
ated protein 1 light chain 3 (LC3), is crucial for
autophagy, and is thus identified as a marker
protein to monitor autophagy [7]. Previous stud-
ies suggested that the conversion into LC3-II
expression is up-regulated at lesion sites in
damaged neural brain tissue. These studies
revealed that autophagic activity increased
after traumatic brain injury (TBI) and cerebral
ischemia. However, the function of autophagy
in the secondary injury after TBI and SCI has
long been a controversial topic, with both ben-
eficial [8, 9] and harmful roles proposed [10,
11]. More recent data supported the idea that
the increased autophagy flux after injury is
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identified as a protective function, and a recent
report from the focal cerebellar lesion model
provided strong evidence about this viewpoint
[12]. In this study, researchers confirmed that,
compared with wildtype controls, stimulated
autophagy flux declined and behavioral out-
comes were worsened in autophagy-deficient
beclin-1 +/- mice [12]. Furthermore, many
investigations have also indicated that in-
creased autophagy flux has a neuroprotective
effect on other injury models, including SCl and
contusive TBI.

Resveratrol (3,4’,5-trihydroxystilbene, Res), whi-
ch occurs naturally in grapes, is synthesized by
various medicinal plants in response to injuri-
ous substances [13]. It has broad pharmaco-
logical applications, and produces anti-anaphy-
lactic and anti-inflammatory effects by influe-
ncing arachidonic acid metabolism, possesses
anti-cancer, anti-bacterial, and anti-mutation
effects, and inhibits protein kinase activities
[14, 15]. Resveratrol also has therapeutic
effects on neurodegenerative disease, TBI, and
cerebral ischemia [16]. In different SCI models,
autonomic dysfunction and motor function
were improved by resveratrol treatment [16,
17]. Furthermore, resveratrol protects the spi-
nal cord from ischemia-reperfusion injury by
anti-oxidation, anti-inflammation, and anti-
apoptosis effects [15]. Thus, it is necessary to
further investigate the neuroprotective mecha-
nism of resveratrol against SCI.

The objective of the current study was to inves-
tigate the neuroprotective effect of Res on
acute SClI in vivo. Using a mice model of SCI, we
found improved functional recovery paralleled
by restored neural morphology after Res treat-
ment. Additionally, Res administration inhibited
apoptosis by enhancing autophagy. Our study
supported the application of Res as a thera-
peutic strategy drug for SCI and its potential
role for recovery from central nervous system
injury.

Materials and methods

Procedure for investigating animal SCI model
and drug treatment

Adult male C57BL/6 mice (2-3 months of age)
were used in our SCI studies. Animals were
housed in a 12 h light/dark cycle environment
and provided with standard rodent food and

4608

water. The study procedures strictly complied
with the recommended National Institute of
Health Guidelines for Laboratory Animals,
which were approved by the Ethics Committee
of the Second Military Medical University,
Shanghai, China (no. 13071002114).

We used the SCI model as reported previously
[18]. Briefly, mice were anesthetized under pen-
tobarbital sodium (60 mg/kg of body weight). A
longitudinal skin incision was made on the mid-
line of the back to expose the spine between
T7-T9 vertebral levels. Muscles surrounded by
the spine were dissected, which was followed
by a laminectomy. The wound was closed in the
sham-operated group. A lateral compression of
the SCI model was established by a 10 s crush
using a pair of forceps (0.4 mm spacer). After
the injury, animals were kept on a highly absor-
bent bedding. Room temperature was set at
25+3°C and received manual bladder expres-
sion twice daily.

Mice were randomly assigned into four groups:
the sham group, the SCI group, the Res group
and the Res+CQ group. Mice in the sham group
received a laminectomy with no trauma hit.
Mice in other three groups all experienced lat-
eral compression of the spinal cord. After the
injury, mice in the SCI group experienced saline
injection only. As the method reported previ-
ously [16], mice in the Res group were treated
with resveratrol (Sigma, 200 mg/kg, i.p.) and
mice in the Res+CQ group were treated with
Res and CQ (Sigma, 60 mg/kg, i.p.). During
these experiments, the therapeutic treatment
were sustained three times per day after the
injury until death, and no significant side effects
were found in any animals following drug
treatment.

Grading of motor disturbance

The motor function of mice was evaluated by
the open-field Basso Mouse Scale (BMS), which
has been identified as a valid locomotor rating
scale for mice [19]. Mice were evaluated by 2
observers and the final score was given by 2
consensuses to assess the functional recovery
after SCI.

Tissue preparation and histology

Spinal cord tissues were taken 3 days post-sur-
gery. Then the mice were transcardially per-

Am J Transl Res 2017;9(10):4607-4616



Resveratrol protects SCI mice by enhance autophagy activity

fused with normal saline and 4% paraformal-
dehyde in 0.1 M phosphate-buffered saline
(pH 7.4). Tissue segments containing the lesion
(1 cm on each side of the lesion) were remo-
ved and post-fixed by immersion in 4% parafor-
maldehyde overnight. Then the spinal cord tis-
sue was dehydrated by graded ethanol, and
embedded in Paraplast (Sherwood Medical,
Mahwah, NJ). Sections 5 uym thick were cut
from the paraffin-embedded tissue and stained
with Hematoxylin/Eosin (H&E), then studied
using light microscopy (Dialux 22 Leitz) by an
experienced histopathologist. Damaged neu-
rons were counted and histopathology changes
of gray matter were scored on a 6-point scale
[20]: O, no lesion detected; 1, gray matter con-
tained 1 to 5 eosinophilic neurons; 2, gray mat-
ter contained 5 to 10 eosinophilic neurons; 3,
gray matter contained more than 10 eosino-
philic neurons; 4, small infarction (less than
one-third of the gray matter area); 5, moderate
infarction (one-third to one-half of the gray mat-
ter area); 6, large infarction (more than half of
the gray matter area). Scores from all sections
from each spinal cord tissue were averaged to
give a final score for the individual mice. All his-
tological analyses were performed in a blinded
fashion.

Immunofluorescence staining

The spinal cord tissues were cut into 6 um thick
sections coronally from the anterior to the pos-
terior using a frozen slicer. The frozen sections
were treated with 0.4% Triton X100 for 30 min,
and then blocked in donkey serum for 1 h. The
sections were incubated with a mixture of rab-
bit anti-LC3 monoclonal antibodies (ab48494,
abcam, USA; 1:400 dilution) in PBS overnight
at 4°C. The following day, the sections were
incubated with a mixture of anti-rabbit alexa
fluor 594 which is red (diluted 1:200; Santa
Cruz Biotechnology, Inc.) for 1 h at 37°C in the
dark. All cell nuclei were counterstained with
4’ 6-diamidino-2-phenylindole. Images were ob-
served using fluorescein microscopy (Olympus
FluoView™ FV1000; Olympus, Tokyo, Japan).

Terminal deoxynucleotidyl transferase dUTP
nick end labeling (TUNEL) assay

Three days following SCI, sections were pre-
pared as mention above, were permeabilized
for 30 min with 0.1% (v/v) PBS-Triton X-100,
and stained for TUNEL to identify DNA frag-
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mentation. According to the manufacturer’s
instructions, slides were washed 3 times for
10 min and the apoptotic cells were assayed
using an In Situ Cell Death Detection Kit (Ro-
che Molecular Biochemicals). Images were
observed by a fluorescence microscope (Oly-
mpus, Tokyo, Japan). The total number of
TUNEL-positive cells in the entire transverse
section was counted by a blind researcher.

Western blot analysis

Spinal cord tissue samples were removed 3
days following injury, and spinal cord segments
(0.5 cm length) from the T7-T10 level at the
injury site were dissected. As previously report-
ed [21], all spinal cord samples were homoge-
nized on ice-cold lysis buffer containing 50 mM
Tris-HCI pH 8.0, 150 mM NaCl, 1% NP-40, 0.5%
deoxycholate, 0.1% SDS, 10 mM Na,P.0,, 10
mM NaF, 1 mg/ml aprotinin, 10 mg/ml leu-
peptin, 1 mM sodium vanadate, and 1 mM
phenylmethylsulfonyl fluoride (PMSF). Tissue
homogenates were centrifuged at 15000 rpm
at 4°C for 20 minutes. Then, proteins were
loaded onto sodium dodecyl sulfate polyacryl-
amide gel electrophoresis (SDS-PAGE) and
transferred to a polyvinylidene difluoride mem-
brane (Bio-Rad). According to the manufactur-
er's recommendations, the polyvinylidene diflu-
oride membrane was blocked with 5% non-fat
milk in tris-buffered saline (TBS) with 0.1%
Tween 20 for 90 min, and then incubated over-
night at 4°C with the primary antibodies. The
following primary antibodies were used for
Western blot: anti-LC-3B (ab51520, abcam,
USA; 1:3000 dilution), anti-beclin-1 (ab62557,
abcam, USA; 1:500 dilution), anti-BAX (ab32-
503, abcam, USA; 1:1000 dilution), anti-Bcl-2
(@ab59348, abcam, USA; 1:800 dilution), anti-p-
action (ab8227, abcam, USA; 1:1000 dilution).
After washing, the membranes were incubated
with secondary peroxidase-conjugated anti-
rabbit antibodies diluted (1:2000) in TBS with
0.01% Tween 20. Immunoreactive proteins
were visualized using an enhanced chemilumi-
nescence (Millipore, Billerica, MA, USA) kit and
quantitatively analyzed by densitometry using
Image J software.

Statistical analysis

Data are presented as the mean + standard
error of the mean (SEM) from 3 independent

Am J Transl Res 2017;9(10):4607-4616



Resveratrol protects SCI mice by enhance autophagy activity

A
—
W— i y Rk a2 ,-_5_:-;_3._-:‘{:{“
e S
D ) %% * E
w . I
4
3
a4
<
O
(o]
®
5 ND
04
§ o ¢
& © ¢

BMS motor score

— : ) A "
‘ -W
104
PR " . « —* SCI
8 -=- Res
-+ Sham
64
*
4 *
0 3 7 14 21

Days

Figure 1. Res reduces tissue structure damage and improves functional recovery after experimental acute SCI. A,
B. Extensive damage to the spinal cord was observed in SCI mice group compared to sham-operated mice. C, D.
Improvement and the relative quantification showed a decrease in trauma severity in mice treated with resveratrol.
E. The motor function of mice subjected to compression trauma assessed at 3, 7, 14 and 21 days after injury.
Recovery from motor disturbance was graded using BMS. In the Res-treated mice group, the neurological score
improved more than in the SCI group, and persisted up to 21 days after SCI. Figures are representative of at least 3
experiments performed on different experimental days. Scale bars are 0.2 mm. *P<0.05; **P<0.01.

experiments. To compare the results between
2 groups, statistical significance was detected
using Student’s t test. To compare the results
of more than 2 groups, statistical evaluation of
the data was implemented using Dunnett’'s
post hoc test and one-way analysis of variance
(ANOVA). P values <0.05 were considered sta-
tistically significant.

Results

Res reverses tissue structure damage, and
improves functional recovery after acute SCI

H&E staining was performed to observe the
beneficial effects of Res 3 days after SCI.
Compared with mice in the sham group, there
were significant morphological changes in the
spinal cord of SCI mice (Figure 1A, 1B). And the
severity of injury decreased in mice treated
with Res (Figure 1C, 1D).

To detect whether histological changes to the
spinal cord were related to a loss of motor func-
tion, the BMS open-field score was performed.
Our results suggested that motor function in
the sham group was not impaired, and the hind
limb movement in SCI mice after had significant
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deficits. Seven days after SCI, there were no
clear differences in BMS scores between the
SCI group and the Res-treated group. However,
14 days following SCI, BMS scores increased
with Res-treatment compared to the SCI group
(Figure 1E). Our data further strengthened the
hypothesis that Res may improve locomotor
activity after SCI.

Res attenuates apoptosis caused by acute SCI

To test whether Res modulated cellular apopto-
sis, the TUNEL test was performed and levels of
Bax and Bcl-2 were analyzed by western blot.
The number of apoptotic cells increased signifi-
cantly following SCI, but the group treated with
Res had lesser apoptotic cells (Figure 2C, 2D).
Moreover, western blot analysis of anti-apop-
totic protein Bcl-2 was upregulated, while pro-
apoptotic protein Bax was downregulated. Fur-
thermore, and the ratio of Bax/Bcl-2 decreased
after Res-treatment (Figure 2A, 2B). These
data indicated that Res administration effec-
tively reduces apoptosis after acute SCI.

Res promotes autophagy after acute SCI

Since previous researchers have reported that
secondary damage principally occurs between
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Figure 2. Res attenuates apoptosis caused by SCI in mice. A. Western blot identified expression level of apoptosis
relevant proteins Bax and Bcl-2 in the spinal cord 72 h post-lesion. B. Compared with the sham group, the SCI group
showed a significant increase of Bax, but a decrease of Bcl-2. Compared with the SCI group, the Res group displayed
a significant decreased of Bax, but an increase of Bcl-2. C. TUNEL staining to assess apoptosis 72 h post-lesion.
Scale bars are 50 um. D. Quantitative estimation of apoptotic and TUNEL cells. *P<0.05; **P<0.01.

24 h and 3 days after the initial SCI [22], we
investigated changes in autophagy on day 3
after SCI. Conversion of LC3-I to LC3-1l is cru-
cial for the formation of autophagosomes, and
LC3-1l is an important marker in autophago-
some formation. Western blot analysis indicat-
ed that the protein expression of autophagy
markers LC3-Il and beclin-1 in the SCI group
was markedly higher than that in the sham
group, and compared with the SCI group, the
levels of LC3-1l and beclin-1 were higher in the
Res group (Figture 3A-C). Furthermore, we
assessed the fluorescence of LC3B (red) to
observe the levels of autophagy in each group.
Fluorescence results suggested that LC3 was
up-regulated following treatment with Res,
which may suggest that Res promoted autoph-
agy (Figure 3D). Our data certified that autoph-
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agic activities were activated after acute SCI,
and were higher in the Res-treated group.

Anti-apoptosis effect of res is related to au-
tophagy activity after acute SCI

Among the potential protective mechanisms of
Res treatment, we hypothesized that autopha-
gy activation could have a role in anti-apoptosis
effects. To identify whether autophagy flux was
involved in the anti-apoptosis effect of Res, CQ
was utilized to reduce the autophagic flux.
Fluorescence results suggested that LC3 was
down-regulated following the administration of
Res+CQ, which showed that CQ treatment suc-
ceeded in suppressing acute SCl-induced
autophagic flux (Figure 4A). Then, Bax and
Bcl-2 expression were detected by western blot

Am J Transl Res 2017;9(10):4607-4616
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Figure 3. Res treatment promotes autophagy after SCI. A-C. Representative western blots and quantification data of
LC3Il, beclin-1, and B-actin in each group; D. Immunohistochemical staining of LC3 on the injured side in sections at
each group. The LC3-positive cells (red) increased in the SCI group in comparison to the sham group, and the popu-
lation of LC3-positive cells was relatively higher after Res treatment. Scale bars are 50 ym. *P<0.05; **P<0.01.

to investigate the degree of apoptosis. Com-
pared with Res treatment, combination therapy
of Res and CQ increased the ratio of Bax/Bcl-2
(Figure 4B, 4C). These relevant data indicated
that after acute SCI, the anti-apoptosis effect
of Res is partly involved with autophagy
activity.

Inhibiting autophagy reversed histological and
functional recovery

Behavioral tests and histological examination
were used to determine whether the beneficial
effects of Res on functional recovery were
related to the autophagy pathway. H&E staining
revealed that, compared with single Res treat-
ment, CQ treatment increased injury severity
(Figure 5A-C). BMS scores indicated that the
effect of Res treatment on functional recovery
was reversed by CQ (Figure 5D). Overall, the
results suggested that Res regulated autopha-
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gy to promote locomotor activity recovery and
decreased histological damage following acute
SCI.

Discussion

Resveratrol treatment is a viable option to
reverse nerve injury, and its beneficial effects
are mediated by many synergistic pathways
that control oxidative stress, apoptosis, and
inflammation [15]. In this study, we reported
that Res promotes autophagy by inhibiting
apoptosis, and improved the recovery of loco-
motor function and neuronal structure after
SCI.

Since its discovery, resveratrol has been widely
known for its many physiological properties
that could be useful in human medicine.
Extensive studies have shown that resveratrol
has pleiotropic health benefits, including anti-

Am J Transl Res 2017;9(10):4607-4616
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Figure 4. Inhibition of autophagy reverses anti-apoptosis effect of Res therapy after experimental acute SCI. (A)
Immunohistochemical staining of LC3 on the injured side in sections at each group. The LC3-positive cells (red)
increased in the Res group in comparison to the SCI group, and the population of LC3-positive cells was significant
suppressed by CQ treatment. (B, C) Western blot identified expression level of apoptosis relevant proteins Bax and
Bcl-2 in the spinal cord 72 h post-lesion. Compared with the SCI group, the Res group showed a significant decrease
of Bax, but an increase of Bcl-2. Compared with the Res group, the Res+CQ group displayed a significant increase

of Bax, but a decrease of Bax (C). Scale bars are 50 um, *P<0.05; **P<0.01.

inflammatory, anti-oxidant, anti-aging, and neu-
roprotective effects [15]. Subsequently, resve-
ratrol has been proven to ameliorate histo-
pathological and locomotive function after vari-
ous types of acute central nervous system inju-
ries including stroke, subarachnoid hemor-
rhage, TBI, and SCI [15, 16].

First, we assessed damage severity at the level
of the perilesional area using H&E staining. In
the control group, we observed severe edema
and reactive gliosis, hyperemia, and neuronal
degeneration with condensed nuclei. However,

4613

compared with the SCI group, we found many
neuroprotective effects in above abnormal
ultrastructures in the Res group, suggesting
that resveratrol improved neurological recovery
through attenuating tissue structure injuries.

Moreover, neurological function assessment is
a viable method for analogizing the degree of
neurological recovery and the outcome of res-
veratrol treatment [21]. Therefore, the BMS
locomotor score test was performed 21 days
after SCI. In SCI mice, we detected an increased
improvement of locomotion in the Res-treated

Am J Transl Res 2017;9(10):4607-4616
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Figure 5. Inhibition of autophagy reverses functional recovery and tissue preservation of Res therapy after ex-
perimental acute SCI. A-D. A decrease in the severity of damage to the spinal cord was observed in the Res mice
group compared to SCI mice and the relative quantification in showed that the beneficial effects are reversed when
autophagy is inhibited. E. The motor function of mice subjected to compression trauma was assessed at 3, 7, 14
and 21 days after injury. Recovery from motor disturbance was graded using BMS. In the Res+CQ mice group,
suppression of autophagy remarkably enlarged injury of single Res group, and persisted up to 21 days after SCI.
Figures are representative of at least 3 experiments performed on different experimental days. Scale bars are 0.2
mm. *P<0.05; **P<0.01.

group than in the standard SCI group, suggest- ssed after SCI, and activated autophagy follow-
ing that resveratrol treatment can ameliorate ing SCl is a self-protective mechanism respond-
behavioral outcomes in SCI animals. ing to neuronal injury [23]. However, the effects
of Res on autophagic activity in injured neuro-
It is known that apoptosis plays a significant nal tissue has rarely been studied in the litera-
part in secondary injury in the pathological pro- ture. A recent study focused on the protective
cess of SCI [3]. Studies proved that many apop- effects of resveratrol against cerebral isch-
tosis-related genes participate in the regulation emia-induced neuronal injury, revealing that
of cell apoptosis, including Bcl-2, Bax, c-myc, resveratrol could alleviate neurocyte apoptosis
p53, and Fas [13]. Many researchers sug- by increasing the Bcl-2/Bax ratio and LC3-II
gested that Res promotes the recovery of rat expression [24]. However, another investigation
neurological functions after SCI, and these reported that the neuroprotective effects of
beneficial effects are related to its anti-apopto- resveratrol on traumatic brain injury are related
sis characteristics [16]. Likewise, in our experi- to Res-mediated down-regulation of neuronal
ment, TUNEL staining and western blot analysis autophagy and impediment of the TLR4/NF-«kB
revealed that Res remarkably reduced neuro- signaling pathway [25].
nal apoptosis in the spinal cord following SCI,
which impeded the pathological process of In our study, we firstly hypothesized that resve-
apoptosis, and thus enhanced neurological ratrol could facilitate neurological recovery
function recovery. through promoting autophagic activity. Western
blot analysis was utilized to show that the
Autophagy plays an important role in injured expression of LC3-Il and beclin-1 increased sig-
neuronal tissue, which is characterized by the nificantly after SCI, and this up-regulation was
degradation of damaged organelles and the promoted by Res treatment. In addition, immu-
formation of autophagosomes [6, 23]. Incre- nofluorescence staining determined that the
ased autophagic hallmarks have been asse- number of LC3-positive cells were significantly
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induced at the lesion site after SCI, and
increased following treatment with Res. These
results indicated that Res may promote autoph-
agic activity. However, the in-depth mechanism
is still unknown and requires further study.

In several models of acute nervous system inju-
ry, autophagy has different functions and dif-
ferent presentations. Recent studies have
focused on the relationship between apoptosis
and autophagy following acute SCI, and certi-
fied that autophagy activation resulted in de-
creased neuronal loss by inhibiting apoptosis
after acute SCI [26]. We hypothesized that
inhibiting autophagy could be a target to im-
prove functional recovery in Res-treatment
therapy. Our study revealed that CQ, which was
utilized to inhibit the autophagic flux, signifi-
cantly attenuated the anti-apoptosis effect in
the Res-treated group [19]. In addition, we fur-
ther studied the functional recovery and neural
morphology after CQ treatment. BMS scores
were significantly lower for CQ mice compared
with SCI-only mice and Res-treated mice. These
data indicated that autophagy protected neuro-
nal locomotor function and enhanced the
behavioral recovery of mice after acute SCI.
One possible mechanism of the anti-apoptosis
effect of Res is that Res-stimulated and unob-
structed autophagy flux improves the clearance
of hazardous substances that may attribute to
apoptosis in the spinal cord. However, the in-
depth mechanism remains unknown. The limi-
tation of our study is that the relative signal
pathway was not involved in Res-stimulated
autophagy in SCI. To ascertain the mechanism
of Res therapy, further exploration is required.

Overall, this study firstly assessed the effects
of Res on functional recovery, apoptosis, and
autophagy following acute SCI. We revealed
that resveratrol preserves tissue structure and
promotes the recovery of neurological function
at the impacted lesion after SCI. We also
reported that the neuroprotective effects of
resveratrol on SCI are related to Res-mediated
increases of neuronal autophagy and decreas-
es of anti-apoptosis effects, which provides
new insight into the therapeutic capacity of
resveratrol.
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