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Ischemia-reperfusion injury is the second most common injury of the spinal cord and has the risk of neurological dysfunction and
paralysis, which can seriously affect patient quality of life. Salidroside (Sal) is an active ingredient extracted from Herba Cistanche
with a variety of biological attributes such as antioxidant, antiapoptotic, and neuroprotective activities. Moreover, Sal has shown a
protective effect in ischemia-reperfusion injury of the liver, heart, and brain, but its effect in ischemia-reperfusion injury of the
spinal cord has not been elucidated. Here, we demonstrated for the first time that Sal pretreatment can significantly improve
functional recovery in mice after spinal cord ischemia-reperfusion injury and significantly inhibit the apoptosis of neurons both
in vivo and in vitro. Neurons have a high metabolic rate, and consequently, mitochondria, as the main energy-supplying
suborganelles, become the main injury site of spinal cord ischemia-reperfusion injury. Mitochondrial pathway-dependent
neuronal apoptosis is increasingly confirmed by researchers; therefore, Sal’s effect on mitochondria naturally attracted our
attention. By means of a range of experiments both in vivo and in vitro, we found that Sal can reduce reactive oxygen species
production through antioxidant stress to reduce mitochondrial permeability and mitochondrial damage, and it can also enhance
the PINK1-Parkin signaling pathway and promote mitophagy to eliminate damaged mitochondria. In conclusion, our results
show that Sal is beneficial to the protection of spinal cord neurons after ischemia-reperfusion injury, mainly by reducing
apoptosis associated with the mitochondrial-dependent pathway, among which Sal’s antioxidant and autophagy-promoting
properties play an important role.

1. Introduction

Clinically, thoracoabdominal aortic operations or decom-
pression surgery of the spinal cord often lead to ischemia-
reperfusion injury [1, 2], generating neurologic dysfunction,
paralysis of lower limbs, and other unpredictable disastrous
consequences, which puts a huge burden on patients and
society [3, 4]. Although considerable therapeutic interven-
tions have been proposed to alleviate the damage of neuro-

logical function after spinal cord ischemia-reperfusion
injury (SCIRI), the overall effect is limited.

Although diverse pathophysiologic mechanisms of SCIRI
have been proposed, it is widely considered that neuronal
death is induced by apoptosis [5, 6]. Apoptosis is triggered
by an intrinsic and extrinsic pathway. The intrinsic pathway
is mitochondrial centered [7]. On the one hand, alterations in
mitochondrial function will result in an adenosine triphos-
phate level reduction, Ca2+ homeostasis damage, and reactive
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oxygen species (ROS) stress injury, and on the other hand,
a series of proapoptotic substances, such as cytochrome C,
will be released from the injured mitochondria into the
cytoplasm to activate caspase-dependent apoptotic cascade
events and eventually lead to neuron death [8]. Hence, it
is crucial to maintain mitochondrial homeostasis for cell
survival. Neurons are vulnerable to ischemic injury
because of their high demand for energy [9]. Mitochon-
drial dysfunction has been recognized as the initial step
of neuronal injury during spinal cord ischemia, and it is
also crucial for the amplification of secondary injury and
subsequent neuronal cell death associated with the increase
in mitochondrial oxidative damage and prodeath proteins
[10–12]. How to reduce mitochondrial injury and remove
damaged mitochondria in a timely manner to maintain
the homeostasis of the intracellular environment is one
of the greatest challenges of SCIRI therapy.

ROS play crucial roles in the occurrence and develop-
ment of ischemia-reperfusion (I/R) injury [13] and are
closely related to mitochondrial homeostasis [14, 15].
Excessive ROS accumulation can induce mitochondrial
cristae expansion, outer mitochondrial membrane rupture,
and cytochrome C release, ultimately resulting in apoptosis
[16]. In recent years, the reduction of neuronal apoptosis
by antioxidants has been an important auxiliary means
to prevent or treat SCIRI [17–19]. Researchers are also
discovering powerful antioxidants to treat SCIRI with few
side effects.

Autophagy is an evolutionarily conserved process in
eukaryotes, involving the degradation and recycling of
cytosolic, long-lived proteins and organelles [20]. The
removal of damaged mitochondria through autophagy is
known as mitophagy. Mitophagy is important for control-
ling the homeostasis of mitochondria and promoting cell
survival [21]. In chronic neurodegenerative diseases or
stroke, mitophagy has been found to be enhanced and bene-
ficial [22, 23]. Recently, it was reported that promoting mito-
phagy during SCIRI can reduce neuronal apoptosis and
restore nerve function [24, 25]. Therefore, we speculate that
mitophagy plays a vital role in mitochondrial-dependent
neuronal apoptosis during SCIRI.

Salidroside (Sal) (Figure 1(a), A) is a bioactive ingredient
extracted from Rhodiola rosea L., possessing multiple
pharmacological properties, such as antioxidative, anti-
inflammatory, and antidiabetic activities [26–29]; it has
also been reported to promote autophagy and to have a
neuroprotective role [28, 30–32]. In recent years, a num-
ber of studies have explored the role of Sal in spinal cord
injury and shown some protective effects. Wang et al.
found that Sal regulated microglial autophagy flux through
the AMPK/mTOR pathway, which then affected glial cell
polarization and promoted functional recovery in rats after
spinal cord injury [33]. Su et al. showed that Sal promotes
rat spinal cord injury recovery by inhibiting inflammatory
cytokine expression and NF-κB and MAPK signaling in
astrocytes [34]. The role of glial cells in the pathological pro-
cess of spinal cord injury is indisputable. Improving the
inflammatory microenvironment after spinal cord injury by
affecting the function of glial cells is an important therapeutic

target. However, it has not been reported whether Sal
affects functional recovery after spinal cord injury through
other mechanisms, especially for spinal cord neurons,
which are the cells most affected by spinal cord injury.
Emerging evidence has shown that Sal plays a protective
role in I/R injury in the liver, heart, brain, and other sys-
tems [35–37]. However, its role in SCIRI is rarely reported.
Hence, in this study, we studied the effect of Sal on spinal
cord ischemia-reperfusion injury and its underlying
mechanism.

2. Materials and Methods

2.1. Animals and Experimental Protocol. The experimental
protocol was approved by the Ethical Committee of Nanjing
Medical University, China, and all procedures were in accor-
dance with the National Institutes of Health Guide for the
Care and Use of Laboratory Animals. Male C57BL/6 mice
(Animal Research Center of Nanjing Medical University,
Nanjing, China) aged between 10 and 16 weeks were used
for all experiments according to an established protocol.
The SCIRI model was established as described previously
[38]. In short, mice were anesthetized using 2% isoflurane
and placed in the supine position. Heparin (170 IU/kg) was
subcutaneously injected 5min before the procedure. The
aortic arch was exposed using a cervicothoracic approach as
previously described [39]. Occlusion was achieved by placing
vascular clamps (30 g forces, Oscar, Shanghai, China) on the
aortic arch distal to the left common carotid artery and the
subclavian artery. Ten minutes later, the clip was removed
to restore perfusion. Bladders were manually expressed
twice per day during the experimental period. A total of
84 mice were randomly assigned to four groups: the sham
group, the SCIRI group, and the Sal treatment group. The
Sal treatment group was further divided into high-dose
(100mg/kg/day) and low-dose (50mg/kg/day) Sal treatment
groups. The sham group was with 12 mice and the other
three groups contained 36 mice, respectively. The mice in
the Sal treatment group were injected intraperitoneally with
Sal once a day for 7 days before the operation while the vehi-
cle group was only given saline, after which both groups
underwent SCIRI. In the sham group, only exposure of the
aortic arch was performed, without clamping. After surgery,
the animals in the Sal treatment group were immediately
injected with Sal. The control group was injected with an
equivalent dose of normal saline.

2.2. Antibodies and Reagents. The primary antibodies used
were as follows: mouse anti-NeuN (ab104224, Abcam,
Cambridge, United Kingdom); rabbit anti-cleaved caspase-9
(20750, Cell Signaling Technology, Danvers, MA, USA); rab-
bit anti-cleaved caspase-3 (9664, Cell Signaling Technology);
rabbit anti-Bcl-2 (ab32124, Abcam); rabbit anti-Bax
(ab32503, Abcam); rabbit anti-β-actin (4970, Cell Signaling
Technology); rabbit anti-LAMP2 (ab13524, Abcam); rabbit
anti-Tomm20 (ab186735, Abcam); rabbit anti-LC3B
(ab48394, Abcam); mouse anti-P62 (ab56416, Abcam); mouse
anti-PINK1 (ab186303, Abcam); mouse anti-Parkin (BC100-
494, Novus Biologicals, Littleton, CO, USA); rabbit anti-
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Figure 1: Continued.
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phospho-ubiquitin (ser65; 62802, Cell Signaling Technology);
mouse anti-Parkin (BC100-494, Novus); rabbit anti-VDAC
(55259-1-AP, Proteintech, IL, USA); and rabbit anti-MAP2
(ab32454, Abcam). The secondary antibodies used were as
follows: mouse anti-immunoglobulin G (IgG) (H+L) (115–
035–003, Jackson ImmunoResearch, PA, USA) and rabbit
anti-IgG (H+L) (111–035–003, Jackson ImmunoResearch).
Sal (C14H20O7, CAS#: 10338–51–9, purity > 98%) and mito-
chondrial division inhibitor 1 (Mdivi-1) (CAS#: 338967-87-6,
purity > 98%) were all purchased from MedChem Express
(Monmouth Junction, NJ, USA). For the in vitro studies, Sal
was dissolved in dimethyl sulfoxide (DMSO) and diluted with
neuronal medium to final concentrations of 25, 50, 100, and
200μmol/mL. For the in vivo studies, Sal was dissolved in nor-
mal saline given intraperitoneally. The dose and treatment
time of Sal both in vivo and in vitro were determined accord-
ing to the relevant literature [31, 40].

2.3. Primary Spinal Neuron Culture. Embryonic (E16–E18)
Sprague–Dawley (SD) rats were used to extract primary
neurons according to established protocols [41]. Neurons,
at a density of 5 × 104 cells/mL and 1 × 106 cells/mL, were
seeded on 24-well and 6-well poly-D-lysine-coated plates
(Corning Inc., Corning, NY, USA), respectively. After 4 h,
the plates were gently tapped to remove nonneuronal cells
that were not firmly attached to the plates and the
medium was replaced with serum-free 96% neurobasal
medium containing B27 (2%, w/v; Thermo Fisher Scien-
tific, Waltham, MA, USA), glutamine (0.5mM; Thermo
Fisher Scientific), penicillin (100 IU/mL), and streptomycin
(100mg/mL; Thermo Fisher Scientific). The growth of neu-
rons was observed under an inverted microscope. One half
of the medium was changed every other day. When the cells
were cultured for about 7 days, the purity of the obtained
neurons was identified using anti-microtubule-associated
protein 2 (MAP2) (1 : 500, rabbit IgG; Abcam) and neuronal
nuclei antigen (1 : 800, mouse IgG; Abcam) under a fluores-
cence inversion microscope (AxioVert A1 and Imager A2;
Carl Zeiss, Jena, Germany).

2.4. Nissl Staining. Mice were anesthetized with a lethal dose
of chloral hydrate at 12 h after reperfusion and then perfused
with normal saline and ice-cold paraformaldehyde (4%,w/v).
L1–L5 segments of the spinal cord were then removed. After
paraformaldehyde fixation and sucrose gradient dehydra-
tion, spinal cord tissues were embedded in optimum cutting
temperature compound (Sakura, CA, USA) and cut into
serial transverse sections to a thickness of 5μm. Spinal cord
sections of each group were subjected to Nissl staining with
Cresyl Violet (FD NeuroTechnologies, Columbia, MD,
USA). Briefly, sections were washed with distilled water
and stained for 10min in a Cresyl Violet solution followed
by differentiating with 95% ethanol, washing with xylene,
and fixing with neutral balsam. Gray-matter damage was
assessed by counting the number of normal motor neurons
in the ventral part of the gray matter [25]. Cells that con-
tained Nissl substance in the cytoplasm, loose chromatin,
and prominent nucleoli were considered normal motor
neurons. The number of surviving intact neurons per mm
length of the spinal cord was counted in every fifth section
(three slices per animal) at high magnification under a light
microscope [42]. The results were expressed as the average
number of cells within each frame per section. To reduce
counting bias, cell counting was performed by two indepen-
dent investigators blinded to treatment history.

2.5. Functional Locomotor Scores. The Basso mouse scale,
which has a scale ranging from 0 (the poorest outcome)
to 9 (the best outcome), was conducted at 6 and 12 h and
at 1, 3, 7, and 14 days after reperfusion [43]. Nine points
indicated the motor function of normal mice, while 0
points represented complete paralysis and 1–8 points repre-
sent varying degrees of neurological deficits. The inclined
plate test [44, 45] was also carried out to access the motor
function of mice. Briefly, the animals were placed on an
inclined plane which could be adjusted to provide a slope
of varying grade, and then, the maximum slope of the plane
at which the animal could maintain its position for more
than 5 s without falling was assessed. Both assessments were
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Figure 1: Sal promoted the recovery of motor function in mice and reduced the loss of motor neurons in the anterior horn after SCIRI. (a)
Schematic diagram of the experimental design. (A) The chemical structure of Sal. (b) BMS scores at different time points following SCIRI. (c)
The inclined plate test at different time points after SCIRI. (d) Representative paw prints at 14 days after SCIRI and quantitative analysis of
step length of mice. Blue: paw print of the front paw; red: paw print of the hind paw. (e) Nissl staining indicating the number of motor neurons
in the anterior horn of the spinal cord in each group. Scale bar, 100μm. ∗p < 0:05, compared to the SCIRI group; #p < 0:05, compared with the
Sal (50mg/kg/d) group. All values in this figure were presented as mean ± SEM (n = 4), ∗∗p < 0:01.
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performed independently by two trained assessors who
were blinded to the treatment history at a fixed time on
each testing day. The average of the results was taken for
statistical analysis.

2.6. Footprint Analysis. Gait and motor coordination were
assessed 14 days after surgery. The front and rear paws were
coated with dyes of different colors. Then, the mice were
placed in a narrow passage padded with a white paper and
encouraged to walk in a straight line. The obtained patterns
were photographed with digital cameras and a representative
image was used to assess coordination.

2.7. Oxygen-Glucose Deprivation/Reperfusion (OGD/R) Model.
The OGD/R model was established as previously described
[46, 47]. After washing with Dulbecco’s Modified Eagle
Medium (DMEM) without glucose (Thermo Fisher Scientific)
[46], primary neurons were cultured in sugar-free medium
and then placed in a modular incubator chamber that was
flushed with 2L/min of a 95% N2/5% CO2 gas mixture for
15min at room temperature to remove oxygen. The chamber
was then sealed and placed in a 37°C incubator as described
previously [46]. Thirty minutes after OGD, neurons were
placed in normal incubator and the sugar-free medium was
replaced with normal medium for 12h for further analysis.

2.8. Cell Viability Assay. Cell viability was assessed using
the Cell Counting Kit-8 (CCK-8) assay (Dojindo, Kuma-
moto, Japan). Primary neurons were seeded in 96-well
plates at a density of 1:5 × 104 cells/mL and pretreated with
different concentrations of Sal for 12 h, followed by treat-
ment with OGD/R for 12h. CCK-8 solution (10μL) was
added to each well and incubated for 4 h in a humidified
5% CO2 atmosphere. The amount of orange formazan
staining was calculated by measuring the absorbance at
450nm using a microplate reader (ELx800; BioTek, Winoo-
ski, VT, USA). The average of six replicates for each group
was calculated and used for analysis.

2.9. TUNEL Assay. Spinal cord sections acquired from mice
and primary spinal cord neurons were used to implement
the TUNEL protocol. Firstly, spinal cord sections were
incubated with anti-NeuN overnight at 4°C after fixation,
permeabilization, and blocking sections were incubated
with Alexa Fluor 488-conjugated goat anti-mouse IgG anti-
bodies for 2 h at room temperature. TUNEL assay was then
performed to identify DNA fragmentation. Briefly, after
washing with phosphate-buffered saline (PBS) three times,
neurons and frozen spinal cord sections were stained with
TUNEL reaction solution containing terminal deoxynucleo-
tidyl transferase (Promega, Madison, WI, USA) for 1 h at
37°C according to the manufacturer’s protocol [48]. After
labeling, cell nuclei were counterstained with DAPI. The
images were observed and photographed under a fluores-
cence microscope (AxioVert A1 and Imager A2). Nuclei that
incorporated green fluorescence were determined to be
apoptotic.

2.10. Measurement of Mitochondrial Membrane Potential
(ΔΨm). ΔΨm was measured using a commercial assay kit

(Beyotime Biotechnology, Shanghai, China). In brief, neu-
rons were incubated with JC-1 staining solution for 20min
at 37°C, washed with JC-1 staining buffer, and immersed in
neuronal medium. Images of positively stained cells were
taken using a fluorescence microscope. Normal mitochon-
dria produced red fluorescence, and depolarized or inactive
mitochondria produced green fluorescence. ΔΨm was calcu-
lated as the ratio of red to green fluorescence.

2.11. Determination of ROS. A ROS detection kit was pur-
chased from Beyotime Biotechnology. Briefly, primary neu-
rons cultured in the 24-well plates were incubated with
DCFH-DA in the culture chamber for 20min in the dark,
then washed three times with serum-free culture medium.
ROS production was measured by DCF fluorescence at an
excitation wavelength of 488nm and an emission wavelength
of 519 nm using a fluorescence microscope. The individual
value of fluorescence intensity was normalized against that
measured in untreated controls.

2.12. Evaluation of Oxidative Stress. The commercial kits for
measurement of superoxide dismutase (SOD) activity and
malondialdehyde (MDA), oxidized glutathione (GSSG),
and reduced glutathione (GSH) concentrations in spinal cord
tissues were purchased from Beyotime Biotechnology. Fresh
spinal cord tissue was collected and ground to 100 g/L
homogenates in a homogenizer with PBS. The homogenates
were then centrifuged for 15min at 4°C and incubated in
radioimmunoprecipitation assay lysis buffer to determine
the total protein content. Finally, SOD activity and MDA
and GSSG/GSH concentrations in samples were measured
and analyzed according to the manufacturer’s protocol.

2.13. mt-Keima Lentivirus Transfection and Puncta
Quantification. The mt-Keima lentivirus was purchased from
Hanheng Biology Co., Ltd. (Shanghai, China), and titers were
determined (1 × 108). Primary spinal cord neurons were pre-
pared and were seeded on confocal dishes for 4 days and then
transfected with the mt-Keima virus according to the manu-
facturer’s protocol. After 3–4 days, green fluorescence was
observed in neurons, which indicated successful transfection,
with green puncta representing normal mitochondria. After
treatment with or without Sal, neurons were subjected to
OGD/R. The images were taken using a Confocal Imaging
System (Zeiss, Oberkochen, Germany, LSM 510); when the
mitochondria fused with lysosomes, the puncta become red.

2.14. Transmission Electron Microscopy. As described in Ani-
mals and Experimental Protocol, after 12 h of I/R, the mice
were perfused with precooled PBS, 4% paraformaldehyde,
and 0.25% glutaraldehyde; the spinal cord tissue was
removed. The tissue was fixed in a PBS mixture of 2% para-
formaldehyde and 2.5% glutaraldehyde overnight at 4°C.
The ischemic-reperfusion area was cut into 50μm cubes,
fixed with osmium tetroxide for 1 h, dehydrated with a gradi-
ent of ethanol, and placed in an epoxy resin. After treatment
for 24 h at 80°C, the specimen was sliced to a thickness of
100 nm and stained with uranyl acetic acid and lead citrate.
Finally, images were photographed using a transmission elec-
tron microscope (Tecnai G2 Spirit Bio TWIN, FEI, USA).
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2.15. Immunofluorescence Staining. Neurons or spinal cord
sections of mice were fixed with polyformaldehyde (4%,
w/v), permeabilized with 0.05% Triton X-100 for 15min,
blocked with 5% bovine albumin for 1 h, and incubated
with primary antibodies overnight at 4°C. The neurons
or tissue sections were treated then with Alexa Fluor
488- and Alexa Flour 594-conjugated goat secondary anti-
bodies (1 : 200; Jackson ImmunoResearch) for 1 h at room
temperature. Finally, DAPI (Thermo Fisher Science) was
added to stain the nuclei after washing three times with
PBS. Immunoreactivity was observed and photographed
using an epifluorescence (AxioVertA1 and ImagerA2) or
a confocal fluorescence microscope (LSM510; Carl Zeiss).
At least four different samples were analyzed for each
group, and each sample was randomly acquired in at least
three visual fields. The staining intensities were measured
by observers blinded to the experimental groups using
ImageJ software (National Institutes of Health, Bethesda,
MD, USA).

2.16. Western Blot. Whole-protein extraction kit and mito-
chondrial/cytoplasmic protein extraction kits (KeyGen Bio-
technology, Shanghai, China) were used to extract protein
according to the manufacturer’s protocol. Protein was elec-
trophoresed on an SDS-PAGE gel and transferred to
PVDF membranes (SEQ00010; EMDMillipore) and blocked
with bovine serum albumin (5%, v/v) followed by incubating
overnight at 4°C with primary antibodies and then incubated
for 2 h at room temperature with the secondary antibody.
The membrane was visualized using chemiluminescent
reagents (Pierce Biotechnology) and quantified using ImageJ
software (National Institutes of Health).

2.17. Statistical Analysis. The data are presented as the
mean values ± standard errormean (SEM) of at least three
independent experiments. One-way ANOVA followed by
Tukey’s HSD post hoc test was used to measure differences
between mean values of the different treated groups; p <
0:05 was considered significant. The values were analyzed
using GraphPad Prism, version 7.0 (GraphPad Software,
San Diego, CA, USA).

3. Results

3.1. Sal Promoted the Recovery of Motor Function in Mice and
Reduced the Loss of Motor Neurons in the Anterior Horn of
Spinal Cord after SCIRI. A schematic diagram of the experi-
mental design is shown in Figure 1(a). The BMS score and
inclined plate test were used to evaluate the effect of Sal on
the recovery of motor function following SCIRI. The BMS
score demonstrated that mice in the treatment group exhib-
ited better performance than those in the SCIRI group at 1,
3, 7, and 14 days after SCIRI (Figure 1(b)). The results of
the inclined plate test also showed that the maximum slope
of the Sal treatment group was higher than that of the SCIRI
group and both scores of the Sal high-dose group were higher
than those of the low-dose group (Figure 1(c)). We also per-
formed behavioral tests on mice 7 days after SCIRI. Specifi-
cally, the walking gait was evaluated by manually analyzing

footprints (Figure 1(d)). After SCIRI, the coordination of
the hind paw movements of all animals decreased signifi-
cantly. Compared with the animals in the SCIRI group,
the animals in the Sal treatment group showed significant
recoveries of gait and motor coordination; and the
improvement in Sal high-dose group was more pro-
nounced. The results of the footprint experiment also
showed that the rear limb movement function of the mice
in the Sal group was significantly improved compared with
that of the mice in the untreated group. In addition, the
number of spinal motor neurons was measured by Nissl
staining (Figure 1(e)). Results revealed that the number of
Nissl bodies representing living motor neurons in the ante-
rior horn of the spinal cord increased and the structure of
Nissl bodies was clearer after Sal treatment 3 days after
SCIRI compared with the non-Sal treatment. In conclusion,
our results show that Sal was beneficial for the recovery of
motor function in mice and the survival of neurons after
SCIRI.

3.2. Sal Inhibited Intrinsic Apoptosis of Spinal Cord Neurons
after SCIRI In Vivo. Emerging evidence suggests that apopto-
sis is the basis for neuronal loss [7]. Therefore, we further
used the TUNEL protocol and the neuronal cell marker
protein (NeuN) to evaluate the apoptosis of neurons
(Figures 2(a), A and 2(b)). A large number of TUNEL-
positive neurons were detected after SCIRI, while this
number was significantly reduced in spinal cord sections
of Sal-pretreated mice, with the reduction being more pro-
nounced in the high-dose Sal-treated group. The expres-
sion levels of caspases are indicators of the intrinsic
apoptotic phenotype [49]. Cleaved caspase-9, an important
initiator of apoptosis, has been implicated in nervous sys-
tem injury [50, 51]. Caspase-3 is an executioner of apopto-
sis via its function in cleaving several essential downstream
substrates [51, 52]. Immunostaining results (Figures 2(a),
B and C, 2(c), and 2(d)) demonstrated that cleaved
caspase-3/caspase-9 expression was mainly observed in
neurons in response to I/R, and the fluorescence intensity
of cleaved caspase-3/caspase-9 in neurons was lower in the
Sal treatment group than in the vehicle treatment group
after SCIRI. Results of western blotting (Figures 2(e) and
2(f)) demonstrated that the levels of cleaved caspase-3/cas-
pase-9 in the spinal cord were considerably decreased in
Sal-treated mice. The Bcl-2/Bax ratio is known to be
inversely related to neuronal apoptosis [53], demonstrating
a significant increase in the Sal treatment group after I/R
compared with vehicle mice. Collectively, these results
suggest a protective function of Sal against spinal cord
neuronal apoptosis in response to I/R.

3.3. Sal Reduced the Apoptosis of Primary Neurons and
Promoted Neurons Survival after OGD/R In Vitro. In order
to further verify the protective effect of Sal on spinal cord
neurons after SCIRI, we isolated neurons from fetal mouse
spinal cord for culture in vitro; the purity of spinal cord
neurons was confirmed by immunostaining MAP2 (Sup-
plementary material 1), a mature neuron marker protein,
after 1 week of culture. OGD/R was performed to simulate
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Figure 2: Sal inhibited intrinsic apoptosis of spinal cord neurons after SCIRI in vivo.(a, A) Representative images of NeuN, TUNEL, and
DAPI costaining of spinal cord sections of mice that were subjected to sham operation or SCIRI for 12 h. Scale bar, 100μm. (a, B and C)
Immunostaining of activated caspase-9 (B; in green) and activated caspase-3 (C; in green) in the spinal cords of mice. Representative
images were colabeled with NeuN (in red) and DAPI. Scale bar, 100 μm. Quantification of (b) TUNEL-positive cells and (c, d) cleaved
caspase-3/caspase-9 intensity normalized to their respective levels in sham-operated mice. (e) Representative western blots of cleaved
caspase-3/caspase-9, Bcl-2, and Bax expression in the spinal cords of mice that were subjected to sham operation or SCIRI for 12 h. (f)
Quantification of activated caspase-3/caspase-9 and the ratio of Bcl-2 to Bax normalized to the levels in sham-operated mice on the basis
of the western blots previously described. β-Actin was used as loading control. All values in this figure were presented as mean ± SEM
(n = 4); ∗p < 0:05, ∗∗p < 0:01, and ∗∗∗ p < 0:001.
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SCIRI in vivo, whereby primary neurons were treated with
or without different concentrations of Sal for 12 h prior to
OGD/R. The CCK-8 assay, used to determine the cell viabil-
ity, showed that Sal did not have an obvious toxic effect on
neurons cultured in vitro (Figure 3(a)). At the same time, in
a range of concentrations, the survival rate of OGD/R-treated
neurons was positively correlated with the concentration of
Sal. After exposure to OGD/R for 12 h, neuronal loss and
breakdown of neurites were clearly observed (Figure 3(b));
however, in the Sal treatment group, the number and mor-
phology of neurons were significantly improved, and the
improvement was more pronounced with increasing Sal
concentrations. Similarly, TUNEL assay in vitro showed
that Sal significantly reduced the neuronal apoptosis in a
dose-dependent manner after OGD/R (Figures 3(c) and
3(d)). In addition, flow cytometry was performed to detect
apoptosis. Exposure to OGD/R significantly increased neu-
ronal apoptosis without Sal pretreatment as measured by
Annexin V-FITC/PI double staining. However, this response
was markedly attenuated when cells were pretreated with Sal
for 12h prior to OGD/R (Figures 3(e) and 3(f)). Western blot-
ting also demonstrated that the expression of intrinsic
apoptosis-related protein cleaved caspase-3/caspase-9 and Bax
in primary neurons in response to OGD/R treatment was
significantly increased, while the expression of apoptosis-
inhibiting protein Bcl-2 was downregulated. However, this
phenomenon was significantly reversed after pretreatment
with Sal, and the reversal was more evident as the concentra-
tion of Sal was increased (Figures 3(g) and 3(h)). Overall,
in vitro results were consistent with in vivo data, which indi-
cated that Sal was beneficial for the reduction of neuronal
apoptosis after OGD/R and promoted the survival of spinal
cord neurons.

3.4. Sal Inhibited Oxidative Stress and Decreased the Damage
of ROS to Mitochondria. Oxidative stress plays an important
role in SCIRI, and ROS mediates a series of injury responses.
Sal has a good antioxidant capacity, and in order to deter-
mine the local oxidative/antioxidative levels in response to
Sal, we detected SOD activity and MDA, GSH, and GSSG
concentrations in spinal cord tissue. Spinal cord I/R was
associated with a significant elevation in MDA and GSSG
concentrations with concomitant reduction in SOD activity
and GSH concentration. Following SCIRI, SOD activity and
GSH concentration in the Sal-treated group were signifi-
cantly higher than those in the SCIRI group, but MDA and
GSSG concentrations were decreased significantly compared
with those in the SCIRI group. Again, the change was more
pronounced in the high-dose Sal treatment group
(Figures 4(a)–4(d)). After OGD/R, ROS levels in spinal cord
neurons cultured in vitro were also detected. As expected,
ROS levels increased significantly after OGD/R, while after
Sal pretreatment, ROS levels decreased with the increase in
Sal concentration (Figure 4(e)). After SCIRI, the production
of a large amount of ROS will lead to oxidative stress, and
mitochondria are one of the main targets. Mitochondrial
damage was initially characterized by a decrease in mem-
brane potential. Hence, JC-1 fluorescent probes were used
to indicate changes in ΔΨm; when the ΔΨm is normal, JC-

1 will accumulate in the mitochondrial matrix and emit red
fluorescence, whereas when the mitochondrial membrane
potential is reduced or collapsed, JC-1 is not able to accumu-
late and emits a green fluorescence. It was found that normal
neurons emitted red fluorescence and green fluorescence was
rarely observed; however, 12 h after OGD/R, the intensity of
red fluorescence was greatly reduced and green fluorescence
was significantly enhanced. Notably, Sal restored the loss of
ΔΨm after OGD/R, which was indicated by the reversal of
fluorescence intensity, and within a certain range, the higher
the concentration of Sal, the higher the ΔΨm (Figures 4(f)
and 4(g)).

3.5. Sal Enhanced Mitophagy after SCIRI. Autophagy is a
ubiquitous and unique life phenomenon of eukaryotic cells.
Mitophagy is a special type of autophagy, which can specifi-
cally engulf damaged mitochondria to maintain mitochon-
drial homeostasis [54]. Emerging evidence suggested a
neuroprotective role of mitophagy in cerebral I/R [21, 23],
and enhancing mitophagy attenuated apoptosis after SCIRI
[24]. Therefore, mitophagy may play a pivotal role in neuro-
nal survival during SCIRI. We further investigated the effect
of Sal on mitophagy after SCIRI. Transmission electron
microscopy (Figure 5(a)) showed that the mitochondria of
normal neurons were short rod-shaped or round, dark, and
clearly structured (Figure 5(a), A). However, 12 h after SCIRI,
the mitochondria were swollen and round, the matrix was
weak or even bright, and the ridge structure disappeared
(Figure 5(a), B). Meanwhile, a small number of cracked mito-
chondria were found to be surrounded by double-layer
vesicles (Figure 5(a), C and D), indicative of an autophago-
some, which increased after Sal treatment (Figures 5(a) and
5(c)). After the damaged mitochondria are encased in autop-
hagosomes, the next step is to fuse with the lysosomes to
degrade the mitochondria. Hence, the colocalization of
LAMP2, a lysosomal surface marker protein and mitochon-
drial outer membrane protein TOMM20, was observed. The
results (Figures 5(b) and 5(d)) showed that the colocalization
was slightly increased in mice after SCIRI while mitochondria
and lysosomes were independent of each other and rarely
colocalized under normal conditions. However, more colocali-
zation was observed in the spinal cord sections of mice
pretreated with Sal, and colocalization was further increased
in the high-dose Sal treatment group. In vitro, transfection of
mt-Keima lentivirus into spinal cord neurons represented
mitophagy. mt-Keima-labeled mitochondria emit green fluo-
rescence under physiological conditions (pH = 7), but when
mitophagy occurs, mitochondria are engulfed by lysosomes
in an acidic environment (pH = 4) and emit red fluorescence.
After OGD/R for 12h, we found red puncta in spinal cord
neurons, and Sal pretreatment prior to OGD/R further
increases the number of red puncta in a dose-dependent
manner (Figures 5(e) and 5(f)). Similar to immunofluores-
cent assay results, western blot showed that Sal increased
autophagy flux, as evidenced by an increase in LC3-B
expression and a decrease in p62 and Tomm20 expression
(Figures 5(g)–5(i)). Various experiments both in vivo and
in vitro have shown that Sal can promote the occurrence
of neuronal mitophagy after SCIRI.
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Figure 3: Sal reduced the apoptosis of primary neurons and promoted neuronal survival after OGD/R in vitro. (a) The CCK-8 kit was used to
detect the viability of neurons that were treated with different concentrations of Sal. (b) Brightfield images showing morphologic changes of
primary neurons in control and OGD/R-treated samples in the presence or absence of different concentrations of Sal before OGD/R for 12 h.
Scale bar, 100 μm. (c) Representative images of TUNEL and DAPI costaining of spinal cord neurons that were subjected to control or OGD/R
for 12 h. Scale bar, 100μm. (d) Quantification of apoptotic (TUNEL+) cells was performed (n = 6). (e) Examples of scatter plots for neurons
that were subjected to control or OGD/R for 12 h by PI/Annexin V double labeling. (f) Quantification of apoptotic cells in (c). (g)
Representative western blots of cleaved caspase-3/caspase-9, Bcl-2, and Bax expression in neurons that were subjected to control or
OGD/R for 12 h. (h) Quantification of activated caspase-3/caspase-9 expression and the ratio of Bcl-2 to Bax normalized to the level in
neurons that were treated with DMSO on the basis of the western blots previously described. β-Actin was used as loading control. All
values in this figure were presented as mean ± SEM (n = 4); ∗p < 0:05, ∗∗p < 0:01, and ∗∗∗ p < 0:001.
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3.6. Sal Promoted Mitophagy via Modulating the PINK1-
Parkin Signaling Pathway. To explore the mechanism of
mitophagy activated by Sal, we measured mitochondrial
Parkin and PINK1 after SCIRI, which are key mediators
for mitophagy. After mitochondrial injury, PINK1, which
is usually degraded in the cytoplasm, accumulates on the
outer membrane of the damaged mitochondria, phosphor-
ylating Parkin protein in the cytoplasm and promoting its
transfer to the mitochondria. Parkin is an E3 ubiquitin ligase,
which can promote the ubiquitination of mitochondrial
membrane proteins and which then binds to autophagosome
protein LC3II to induce mitophagy [55–57]. Western blot
and immunofluorescence results showed that Sal could signif-
icantly strengthen I/R-induced increases in PINK1 and Parkin
expression in mitochondria (Figures 6(a)–6(h)). In the Sal
treatment group, we also found that, following Parkin translo-
cation to themitochondria, the expression levels of the effector
proteins, p-Parkin and P-UB [56, 58], were significantly
increased in neurons (Figures 6(i)–6(l)). These findings sup-
port the role of PINK1/Parkin signaling in Sal-induced
mitophagy.

3.7. Mdivi-1, a Specific Mitophagy Inhibitor, Partially
Reversed the Protective Effect of Sal on Spinal Cord Neurons.
Mitochondria-dependent apoptosis is associated with release
of cytochrome C into the cytoplasm following SCIRI [59]. To
further verify whether Sal played a neuroprotective role by
promoting the occurrence of mitophagy, Mdivi-1 [60, 61], a
specific inhibitor of mitophagy by preventing mitochondrial
division, was used to treat neurons to inhibit neuronal mito-
phagy [62]. Apoptosis of spinal cord neurons in vitro was
also detected by TUNEL protocol. Similarly, Sal pretreatment
significantly reduced the number of TUNEL-positive cells
after OGD/R, but this effect was partially abrogated after
Mdivi-1 treatment (Figures 7(a) and 7(b)). At the same time,
western blot results showed that the expression of apoptosis-
related protein Bax and cleaved caspase-3/caspase-9 was
increased and that the expression of the apoptosis-
inhibiting protein Bcl-2 was reduced (Figures 7(c) and
7(d)). Moreover, we also found that ROS levels increased
after treatment with Mdivi-1 (Figure 7(e)), which may be
associated with decreased clearance of damaged mitochon-
dria after inhibition of mitophagy, resulting in increased
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Figure 4: Sal inhibited oxidative stress and lessened the damage of reactive oxygen species to mitochondria. (a–d) SOD activity and MDA,
GSSG, and GSH concentrations in the spinal cord were determined according to the respective assay kit results. (e) The levels of intracellular
ROS in neurons were determined by a ROS assay kit. (f) Representative images of immunofluorescence of JC-1, indicative of ΔΨm. Scale bar,
100μm. (g) Quantitative analysis of the change of the mitochondrial green/red fluorescence ratio. All values in this figure were presented as
mean ± SEM (n = 4); ∗p < 0:05, ∗∗p < 0:01, and ∗∗∗ p < 0:001.
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release of ROS from damaged mitochondria [63]. Taken
together, the results suggest that Sal’s protective effect on
neurons during SCIRI was at least partially due to increased
mitophagy.

4. Discussion

I/R injury is the most common secondary injury of the spinal
cord [64]. Approximately 11%–40% of patients undergoing
spinal orthomorphia or excision of a thoracoabdominal aor-
tic aneurysm will result in immediate or delayed paraplegia,
which produce long-term morbidity and huge medical
expenses for patients worldwide [65, 66]. In recent years,
new or complementary medicinal products, in particular
medicine food homology products, have shown potential
for treatment applications worldwide due to their minimal
side effects. In the present study, we demonstrated for the
first time that Sal administration protected spinal cord neu-
rons after SCIRI by reducing apoptosis. The main mecha-
nisms involved suppressing oxidative stress and promoting
mitophagy.

ROS play an important role in activating and regulating
mitochondrial-mediated apoptosis [67]. Oxidative stress
after ischemia-reperfusion injury produces a large number
of ROS, causing oxidation/antioxidant system disorder in
the body. Moreover, the accumulation of ROS leads to the
opening of the mitochondrial permeability transition pore
(MPTP) in the inner membrane [68], which decreased ΔΨ
m and the release of cytochrome C into the cytoplasm to
induce apoptosis cascade events [69]. Therefore, antioxidant
stress is an important target in the treatment of spinal cord
ischemia-reperfusion injury. Sal is a natural antioxidant that

has shown potent antioxidant capacity in multiple systemic
disease models [70–72], but its role in SCIRI is unclear. Here,
in vivo, we found that Sal could significantly correct the
imbalance of the oxidation/antioxidant system after SCIRI,
while in vitro Sal reduced the production of ROS and restored
the ROS-mediated ΔΨm collapse in a dose-dependent man-
ner. In summary, our results suggest that Sal protected the
spinal cord from ischemia-reperfusion injury by reducing
oxidative stress.

Damaged mitochondria release proapoptotic proteins to
increase the activation of caspases and cell death [8]. Hence,
in addition to controlling the source of mitochondrial dam-
age, the removal of damaged mitochondria is also essential
for cellular survival. The selective degradation of damaged
mitochondria by autophagy is termed mitophagy, which is
extremely crucial in maintaining mitochondrial homeostasis
and has been implicated in I/R injury [21, 23, 73]. Emerging
evidence has shown that Sal is closely related to the occur-
rence of mitophagy. In MPTP-induced Parkinson’s disease
models, Sal can enhance the mitochondrial expression of
PINK1 and Parkin and confer neuroprotective effects [31].
Another study showed that upregulation of Parkin by Sal
promoted the survival of nucleus pulposus cells through acti-
vation of mitophagy in vitro [74]. Therefore, we evaluated the
occurrence of mitophagy in Sal after SCIRI. Consistent with
previous reports, we found that the flux of mitophagy in
the spinal cord of mice was significantly increased 12h after
SCIRI, which was further confirmed by transmission electron
microscopy. The above results were further supported by
immunofluorescence results that indicated an increase in
the colocalization of mitochondria and lysosomes and in
expression levels of the autophagy proteins LC3-B and P62.
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Figure 5: Sal enhanced mitophagy after SCIRI. (a) Electron micrographs demonstrating neuron mitophagy structure in Sal-treated SCIRI
mice. Typical mitophagy structure (white arrow) was observed in neurons. The high magnifications of lower box revealed a typical
structure of (A) normal mitochondria, (B) swollen mitochondria, (C) autolysosomes, and (D) mitophagy from the four groups of mice
mentioned above. Scale bar, 0.5 μm. (b) Immunohistochemical colocalization of Tomm20 (mitochondrial marker, green) and LAMP2
(lysosomal marker, red) in the spinal cords from the four groups of mice mentioned above at 12 h after SCIRI. The inset images represent
higher magnification of the boxed area in the corresponding merged images. Scale bar, 100μm. (c) Quantification of the ratio of
mitochondria engulfed by autophagosomes to total mitochondria in each field. (d) Statistical analysis of the ratio of LAMP2-associated
Tomm20 to total Tomm20. (e) Representative images of mt-Keima to detect normal mitochondria (in green) and mitochondria in
autophagosomes (in red), in neurons. Neurons were treated with DMSO, different concentrations of Sal, with or without OGD/R for 12 h.
Scale bar, 100μm. (f) Quantification of the ratio of red to green dots in neurons. Representative (g) western blots and (h–j) quantitative
graphs demonstrated the expression of LC3-B, P62, and Tomm20 in whole homogenates normalized to the level of β-actin. All values are
presented as mean ± SEM (n = 4); ∗p < 0:05, ∗∗p < 0:01, and ∗∗∗ p < 0:001.
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Figure 6: Sal promoted mitophagy via modulating the PINK1-Parkin signaling pathway. Representative western blots of the expression of
mitochondrial proteins (Parkin and PINK1) in the (a) neurons and (b) spinal cords that were subjected to OGD/R or I/R for 12 h,
respectively. (c–f) Quantification of Parkin and PINK1 protein expression normalized to the level of VDAC. Representative (g) confocal
images and (h) statistical analysis of the colocalization of Parkin with mitochondrial neurons. The neurons were treated with DMSO and
different concentrations of Sal, with or without OGD/R for 12 h. Scale bar, 100 μm. (i, k) Representative images of immunofluorescent
labeling of p-Parkin (i), p-ubiquitin (k, in green), NeuN (in red), and DAPI (in blue) in the spinal cords of mice that underwent sham
operation or ischemia-reperfusion injury for 12 h. Scale bars, 200μm. Statistical analysis based on the expression of (j) p-Parkin and (l) p-
ubiquitin from mice in the sham group. All values are presented as mean ± SEM (n = 4); ∗p < 0:05, ∗∗p < 0:01, and ∗∗∗ p < 0:001.
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In addition, both in vitro and in vivo, we found that Sal could
significantly improve mitophagy after SCIRI and the flux was
increased with the increase in Sal concentration. Sal also
increased the expression of PINK1 and Parkin after SCIRI
and in particular Parkin expression in mitochondria, which
suggested that Sal might promote mitophagy through the
classical PINK1-Parkin signaling pathway. The expression
of p-Parkin and P-UB, which are downstream proteins of
the Parkin pathway, was found to be elevated in spinal cord
neurons in vivo, which further confirmed our hypothesis.
Overall, Sal promoted mitophagy after SCIRI by enhancing
the PINK1-Parkin pathway.

The role of autophagy in SCIRI remains controversial.
Some studies have shown that enhancing autophagy at
the early stage of ischemia-reperfusion injury can reduce
apoptosis and play a protective role [24, 25]. In contrast,
others have reported that excessive autophagy is one of
the main causes of cell death [22, 75]. In this study, we
showed that mitophagy was beneficial in reducing apoptosis
and promoting neuronal survival. More importantly, we
showed that the protective effect associated with Sal treat-
ment on neurons after OGD/R was partially abolished by

the mitophagy inhibitor, Mdivi-1. This result suggested that
the neuronal protective effect of Sal was, at least, partially
mediated by mitophagy.

There were several limitations in the current study. For
example, the effect of Sal on glial cells after SCIRI was not
explored. In the early stage of SCIRI, glial cells respond
quickly and act as a defense barrier against stimuli [76].
Inflammatory cells may participate in SCIRI by expressing
inflammatory cytokines and inducing neuronal apoptosis
and even death [77–79]. Sal has been reported to affect
glial cell polarization and protect neurons in models of
spinal cord injury and cerebral ischemia disease [33, 34,
80]. Hence, in addition to acting directly on neurons, Sal
may also indirectly influence the fate of neurons through
glial cells or other pathways that have yet to be elucidated.
More comprehensive studies on the effects of Sal on cells
other than neurons after SCIRI are necessary. Second,
although we demonstrated that Sal increased the expres-
sion of PINK1 and Parkin in the mitochondria of neurons
after SCIRI, the molecular pathways associated with Sal-
induced PINK1 and Parkin expression should be further
characterized.
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Figure 7: Mdivi-1, a specific mitophagy inhibitor, partially reversed the protective effect of Sal on spinal cord neurons. (a) Representative
images of TUNEL and DAPI costaining of spinal cord neurons that were subjected to control or OGD/R for 12 h. Scale bar, 100 μm. (b)
Quantification of apoptotic (TUNEL+) cells was performed. (c) Representative western blots of cleaved caspase-3/caspase-9, Bcl-2, and
Bax expression in neurons that were subjected to control or OGD/R for 12 h. (d) Quantification of activated caspase-3/caspase-9
expression and the ratio of Bcl-2 to Bax normalized to the level of neurons in the control group that were pretreated with DMSO.
GAPDH was used as a loading control. (e) Representative images show ROS production in spinal cord neurons and quantification of ROS
intensity normalized to the level in control neurons. Scale bar, 100μm. Values are expressed as the ratio of fluorescence intensity relative
to the control. All values are expressed as mean ± SEM (n = 4); ∗p < 0:05, ∗∗p < 0:01, and ∗∗∗ p < 0:001.
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In conclusion, we have shown for the first time that Sal
has a protective effect in a mouse model of SCIRI, which
was verified by a significant functional recovery and a
reduction of motor neuron loss in the anterior horn. The
protective mechanism is associated with mitochondrial
survival. The effects of Sal on mitochondria were combina-
torial (Figure 8); on the one hand, Sal attenuated mitochon-
drial injury by eliminating ROS; and on the other hand, Sal
promoted clearance of damaged mitochondria to maintain
mitochondrial homeostasis through mitophagy. Finally, Sal
was shown to reduce neuronal apoptosis induced by mito-
chondrial injury. Therefore, Sal treatment is a promising
and effective therapeutic strategy for SCIRI.
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