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Abstract

Spinal cord injury (SCI) is a severe neurological disease; however, few drugs have been proved to treat SCI effectively. Neuroinflammation is the major
pathogenesis of SCI secondary injury and considered to be the therapeutic target of SCI. Salidroside (Sal) has been reported to exert anti-inflammatory
effects in airway, adipose and myocardial tissue; however, the role of Sal in SCI therapeutics has not been clarified. In this study, we showed that Sal
could improve the functional recovery of spinal cord in rats as revealed by increased BBB locomotor rating scale, angle of incline, and decreased cavity
of spinal cord injury and apoptosis of neurons in vivo. Immunofluorescence double staining of microglia marker and M1/M2 marker demonstrated
that Sal could suppress M1 microglia polarization and activate M2 microglia polarization in vivo. To verify how Sal exerts its effects on microglia polar-
ization and neuron protection, we performed the mechanism study in vitro in microglia cell line BV-2 and neuron cell line PC12. The results showed
that Sal prevents apoptosis of PC12 cells in coculture with LPS-induced M1 BV-2 microglia, also the inflammatory secretion phenotype of M1 BV-2
microglia was suppressed by Sal, and further studies demonstrated that autophagic flux regulation through AMPK/mTOR pathway was involved in Sal
regulated microglia polarization after SCI. Overall, our study illustrated that Sal could promote spinal cord injury functional recovery in rats, and the
mechanism may relate to its microglia polarization modulation through AMPK-/mTOR-mediated autophagic flux stimulation.
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Introduction

Spinal cord injury (SCI) induces sudden sensorimotor and/or auto-
nomic functional loss resulting in decreased quality of life and signifi-
cant medical burdens to society [1]. The pathogenesis of SCI
comprises the following two stages: primary injury and secondary
injury. Primary injury is mainly caused by direct injury to the spinal
cord, whereas secondary injury is induced by several complex phe-
nomena, such as haemorrhage and ischaemia, hypoxia, inflammation
and oedema [2–4]. Inflammation is an unavoidable process that may
amplify the secondary injury of SCI, and neuroinflammation is primar-
ily mediated by resident macrophages, which are called microglia in

the central nervous system (CNS) [5]. Macrophages can assume the
following two phenotypes: a classically activated pro-inflammatory
(M1) phenotype and an alternatively activated anti-inflammatory (M2)
phenotype [6]. Studies outside the CNS have shown that macro-
phages, which infiltrate tissues from the peripheral blood, participate
in tissue regeneration [6, 7]. Furthermore, studies also illustrate that
microglia contribute to the repair of injury in the CNS, including SCI
[5, 8].

Microglia in the injured spinal cord are mainly polarized to a
M1 phenotype [9, 10], and polarized M1 assume an amoeboid
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shape, a change accompanied by the release of neurotoxic sub-
stances such as free radicals, acute-phase proteins, inflammatory
cytokines and chemokines [11]. These inflammatory mediators can
cooperate to cause neuronal damage [5]. In contrast, microglia under-
going M2 polarization experience phenotypic changes enabling them
to promote neuroregeneration, particularly axonal extension, after CNS
injury [6, 12, 13]. Within 7 days after SCI, transient activation of a
small number of M2 microglia and long-term activation of numerous
M1 microglia are observed in the injured spinal cord [6]. Treatment
with either GM-CSF or IL-4, which may drive microglia M2 polarization,
improves tissue sparing and locomotor recovery after SCI [14–16].
Transferring M2 macrophages to the injured spinal cord has been
shown to promote locomotor recovery in SCI rats [17]. Therefore,
promoting M2 microglia polarization may be a promising treatment
strategy to facilitate functional recovery after SCI. However, few
drugs have been discovered that promote M2 polarization of microglia
[18, 19].

Studies have shown that herbs and herbal extracts used in tradi-
tional Chinese medicine are effective in the treatment of CNS dis-
eases, such as Parkinson’s disease [20], Alzheimer’s disease [21]
and SCI [22]. Salidroside (Sal), the major phenylpropanoid glycoside
extract from rhodiola, has various bioactive properties. Studies have
shown that Sal may improve cognitive function [23, 24] and exert
antiarrhythmic, anti-inflammatory and neuroprotective effects [25,
27, 28]; however, the ability of Sal to regulate microglia polarization
and its neuroprotective effects in SCI remain unknown. This study
aimed to investigate whether Sal can regulate microglia M1/M2 polar-
ization and promote functional recovery of rats after SCI as well as
the underlying mechanisms.

Autophagy, a catabolic process through which dysfunctional
organelles and proteins are degraded to protect the cell against
various stresses, has been reported to be involved in SCI recovery
[29–32]. Recent studies have found that there is crosstalk between
autophagy and macrophage polarization. Increased macrophage
autophagy induced by rapamycin treatment decreases local M1
polarization and promotes locomotor function recovery [33]. The
inhibition of autophagy in the tumour microenvironment attenuates
M2 macrophage polarization [34]. Furthermore, evidence has
shown that Cathepsin S-mediated autophagic flux is an important
mechanism for inducing M2 macrophage polarization [35], and
impaired macrophage autophagy promotes pro-inflammatory
macrophage polarization in obese mice [36]. Therefore, we focused
our study on autophagy flux to explore the mechanism by which
Sal regulates microglia polarization.

In this study, we found that Sal could promote functional
recovery in SCI rats. In addition, we also showed that M2 polariza-
tion of microglia/macrophage was activated and M1 polarization of
microglia/macrophage was suppressed by Sal treatment in vivo. In
vitro, Sal-induced M2 microglia polarization protected the PC12
neuronal cell line from apoptosis, and Sal also inhibited the M1
inflammatory secretion phenotype of microglia, the underlying
mechanism of which may involve regulation of AMPK/mTOR path-
way-mediated autophagic flux. This study demonstrates that Sal
may be a promising therapeutic drug to target microglia polariza-
tion in SCI.

Materials and Methods

Reagents and antibodies

Cell counting kit-8 (CCK-8) was obtained from Dojindo (Kumamoto,

Japan). Compound c and rapamycin were purchased from Selleckchem
(Houston, TX, USA), and LPS and chloroquine were purchased from

Sigma-Aldrich (St Louis, MO, USA). Monoclonal antibodies specific

for LC3B, Bcl-2 and Bax were procured from Cell Signaling Technolo-

gies (Beverly, MA, USA). Monoclonal antibodies specific for p-
AMPKa, AMPKa, p62, cleaved caspase 3, iNOS, COX-2, CD68, Iba-1,

NEUN, NF-200 and GFAP, and a polyclonal antibody specific for Arg-

1 were purchased from Abcam (Cambridge, UK). A polyclonal anti-

body specific for LAMP-2 was obtained from Bioworld (Nanjing,
China), and polyclonal antibodies specific for TNF-a and IL-6 were

purchased from Santa Cruz Biotechnology (Dallas, TX, USA). Alexa-

Fluor 568, AlexaFluor 488 donkey anti-rabbit/mouse and horseradish
peroxidase-labelled secondary antibodies were purchased from

Abcam. 40, 6-Diamidino-2-phenylindole (DAPI) was obtained from

Beyotime (Shanghai, China). The PCR primers used herein were syn-

thesized by TsingKe (Beijing, China), and all reagents used in the
real-time reverse transcription-polymerase chain reaction (RT-PCR)

and cell culture experiments were purchased from Takara (Dalian,

China) and Bio-Rad (Hercules, California, USA), respectively. Sal

(C14H20O7, CAS#: 10338–51–9, HPLC > 98%) was purchased from
Nanjing Zelang Medical Technology (Nanjing, China). For the in vitro

studies, compound c, rapamycin and Sal were dissolved in dimethyl

sulphoxide (DMSO) at concentrations of 5 mM, 1 mM and 0.2 M,

respectively, and were diluted appropriately with cell culture medium
(final DMSO concentration ≤1&). For the in vivo studies, Sal was

dissolved in normal saline.

Establishment of the SCI Model and drug
treatment

Total 36 adult female S.D. rats (220–250 g) were ordered from the

SLAC Laboratory Animal Company in Shanghai, China, and the ani-
mals were cared for and handled according to the guidelines set

forth by the Chinese National Institutes of Health. All the rats were

housed under controlled environmental conditions. To induce SCI,

we anaesthetized all the animals with 8% (w/v) chloral hydrate
(3.5 ml/kg, i.p.). Then, we performed a laminectomy at the T9 verte-

brae after exposing the vertebral column. The spinal cord was fully

exposed, and a moderate crush injury was induced over 1 min. with

a vascular clip (30 g forces, Oscar, Shanghai, China). Sham group
rats underwent the same surgical procedure but were not subjected

to compression. Postoperatively, the animals’ urinary bladders were

emptied twice daily. After surgery, the animals were immediately
injected with Sal (25 mg/kg i.p.) and given daily 25 mg/kg doses

until they were killed. The control group was injected with an equiva-

lent dose of normal saline.

Locomotion recovery assay

The extent of post-SCI locomotion recovery experienced by the rats
was investigated using the Basso, Beattie, and Bresnahan (BBB)
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locomotion rating scale [37] and the inclined plane test [38]. The BBB
tests, whose results were scored on a scale ranging from 0 to 21

points, were conducted 1, 3, 7, 14, 21 and 28 days after SCI. The

inclined plane test was also performed to assess functional improve-

ment in each rat at each of the above time-points. The outcome mea-
sures were assessed by five independent examiners blinded to the

experimental conditions.

Histology and immunofluorescence

The rats (n = 5 per group) were killed with 10% chloral hydrate

(3.5 ml/kg, i.p.) at specific time-points after SCI and then perfused
with normal saline. For the H&E staining, Nissl staining and

immunofluorescence analyses, tissue segments containing the lesion

(1 cm on each side of the lesion), 0.5-cm sections of the spinal cord

were dissected out, post-fixed with 4% paraformaldehyde for 6 hrs
and then embedded in paraffin. Transverse sections (5 lm thick)

were mounted on slides following staining. Histopathological examina-

tions were performed by H&E and Nissl staining, according to the
manufacturer’s instructions. Bright-field images were acquired using

light microscopy (Olympus, Tokyo, Japan). For immunofluorescence

analysis, the longitudinal sections (5 lm thick) were treated with the

following primary antibodies: NF-200 (1:2000) and GFAP (1:2000),
and the transverse sections were treated with the following primary

antibodies anti-CD68 (1:200), anti-Iba-1 (1:200), anti-Arg-1 (1:200),

anticleaved caspase 3 (1:200) and anti-NeuN (1:100) before being

washed four times with PBS and incubated with AlexaFluor 568 and
AlexaFluor 488 donkey anti-rabbit/mouse secondary antibodies for

1 hr at 37°C. Then, the sections were washed with PBS, incubated

with DAPI for 1 min., rinsed with PBS and finally sealed with a cover-
slip. All images were captured on a confocal fluorescence microscope

(Nikon, Japan).

Cell culture

The immortalized murine BV-2 microglial cell line was first generated by

Blasi et al. and retains many of the morphological and functional char-

acteristics of primary microglia [39]. The PC12 cell line was purchased
from the Shanghai Institute of Cell Biology. The BV-2 cells were culti-

vated in EMEM, and the PC12 cells were cultured in 1640 medium

(Invitrogen, Carlsbad, CA, USA) supplemented with 10% foetal bovine
serum (FBS, Gibco BRL Co., Ltd., USA), 100 units/ml penicillin and

100 lg/ml streptomycin; incubated at 37°C in a humidified atmosphere

containing 5% CO2; and passaged twice a week.

BV-2 cell treatment

To establish the BV-2 inflammation model, we added LPS (1 lg/ml) to

the BV-2 culture medium for 24 hrs. We pre-treated the cells with dif-
ferent dose of Sal (2, 20 and 200 lM) for 24 hrs before treating them

with LPS (1 lg/ml) to investigate the effect of the drug on cellular

inflammation. To study the effects of autophagy on BV-2 cells, we pre-
treated the cells with 50 lM chloroquine (CQ, an autophagy inhibitor)

and 5 lm of compound C (an AMP-activated protein kinase inhibitor)

for 2 hrs before treating them with Sal and LPS. All experiments were

performed in triplicate.

Microglia/neuron coculture

To investigate the relationship between microglia and neurons, we uti-
lized a transwell coculture system (Corning, 0.4-lm pores, USA). BV-2

and PC12 cells were separately seeded into 24-well (1 9 105 BV-2

cells/insert and 2 9 105 PC12 cells/well) transwell plates for the cocul-

ture experiment. The BV-2 cells were pre-treated with or without 2, 20
and 200 lM Sal for 24 hrs or 50 lM CQ for 2 hrs before being stimu-

lated with 1 lg/ml LPS for another 24 hrs. Then, the BV-2 cells were

treated with or without LPS for 1, 3, 6, 12 and 24 hrs. After stimulation,

the BV-2 cell inserts were rinsed with PBS to eliminate the effects of
any remaining LPS, Sal or CQ before being placed into the PC12 wells.

After 24 hrs of coculture, we measured neuronal apoptosis by CCK-8,

immunofluorescence and Western blot assays.

Cell viability measurements

Cell viability was assessed by CCK-8 assay, according to the manufac-

turer’s protocol. Briefly, BV-2 cells were seeded in 96-well plates
(5000 cells/well) and incubated for 24 hrs. Then, different doses of Sal

(0, 0.2, 2, 20, 200 and 2000 lM) were added to the wells for the cell

viability assay. For the coculture system, BV-2 cells were pre-treated

with 2000 lM Sal, followed by LPS, before being placed in wells con-
taining PC12 cells. After treatment, 10 ll of tetrazolium substrate was

added to the wells, and the plates were cultured for 1 hr. The absor-

bance was measured at 450 nm using a microplate reader (Thermo Sci-

entific, Multiskan Go, Waltham, MA, USA).

Assessment of MMP

MMP (DΨm) was measured using rhodamine 123, a cationic lipophilic

fluorochrome that can be absorbed by mitochondria. After incubating
for 30 min. in the dark, the cells were washed twice, and fluorescence

images were immediately recorded and quantified under an inverted flu-

orescence microscope (Nikon).

Calcein AM/propidium iodide (PI) cellular
viability assay

Cell viability was assessed by double-staining assay using calcium fluo-

rescein-AM/PI. PC12 cells were seeded in a 24-well plate and allowed

to attach for 24 hrs. Then, BV-2 cells were pre-treated with or without
200 lM Sal for 24 hrs before being stimulated with LPS and placed in

the wells containing the PC12 cells for 24 hrs. Then, the PC12 cells

washed gently with PBS two times, after which 2 lM calcein AM and
15 lg�M�1 PI were added to the wells, and the culture plates were

incubated at 37°C for 30 min. Finally, the dye solution was removed,

and the samples were washed with PBS three times. A fluorescence

microscope (Nikon) was used to assess the slides.

Cellular immunofluorescence

BV cells were seeded on slides in a six-well plate and allowed to attach
for 24 hrs. The cells were subsequently treated with or without 200 lM
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Sal for 24 hrs before being stimulated with LPS for 24 hrs. For
immunofluorescence analysis, the samples were fixed with 4%

paraformaldehyde and permeabilized with 0.5% Triton X-100 for

10 min. After being blocked with 10% goat serum albumin for 60 min.

at 37°C, the slides were incubated with primary antibodies against
CD68 (1:300), p62 (1:200), LC3B (1:200) and Arg-1 (1:300) overnight

at 4°C. The following day, the slices were washed thrice with PBS and

then incubated with AlexaFluor 568 and AlexaFluor 488 donkey anti-rab-
bit/mouse secondary antibodies for 1 hr at 37°C before being labelled

with DAPI for 1 min. at room temperature. Finally, three fields of view

per slide were randomly selected for observation under a fluorescence

microscope (Olympus Inc., Tokyo, Japan), and staining intensities were
measured by observers blinded to the experimental groups using

Image-Pro Plus 6.0 (Media Cybernetics, Rockville, MD, USA).

TUNEL method

The TUNEL method is useful for measuring apoptotic DNA fragmenta-

tion. PC12 cells were seeded on slides in a 24-well plate and allowed to
attach for 24 hrs. Then, BV-2 cells were pre-treated with or without

200 lM Sal for 24 hrs before being treated with LPS and placed in the

wells containing the PC12 cells for 24 hrs. Then, the PC12 cells were

washed gently with PBS two times and fixed with freshly prepared 4%
paraformaldehyde for 30 min. before being incubated with 0.1% Triton

X-100 for 5 min. The cells were washed with PBS three times at every

step. The cells were then stained using a DeadEndTM Fluorometric

TUNEL System (Promega, Madison, WI, USA) and DAPI, according to
the manufacturer’s instructions. Apoptosis was measured using a fluo-

rescence microscope (DM 2500; Leica, Wetzlar, Germany).

Real-time RT-PCR analysis

Total RNA extracts were obtained using TRIzol reagent (Invitrogen), and

1 lg of total RNA was used to synthesize cDNA (TaKaRa, Osaka,
Japan). qPCR was performed using SYBR Green (Bio-Rad, Hercules,

USA). The cDNA samples were amplified on an Applied CFX96� real-

time PCR system (Bio-Rad) under the following conditions: 95°C for

3 min., followed by 40 cycles of 95°C for 15 sec. and 60°C for 45 sec.
The relative expression levels of the target genes were normalized to

those of the housekeeping gene GAPDH, and the target genes from the

experimental group were compared with the corresponding target genes
from the control group using the 2�DDCT method. The primers for iNOS,

TNF-a, COX-2, Arg-1 and GAPDH are listed in Table 1.

Western blot analysis

The tissue and cell supernatants were collected for protein assay. The
extracts were first quantified with BCA reagents. Then, cellular sam-

ples containing 30 lg of protein and tissue samples containing 80 lg
of protein were separated on SDS-PAGE before being transferred to

PVDF membranes and incubated with the appropriate primary anti-
bodies overnight, after which they were incubated with horseradish

peroxidase-conjugated secondary antibodies for 2 hrs. The bands

were detected by electrochemiluminescence reagent (Invitrogen), and

the signals were visualized by a Chemi DocXRS+ Imaging System
(Bio-Rad).

Statistical analysis

Numerical data from at least three individual experiments are shown as

the mean � S.D. and were analysed by one-way analysis of variance

(ANOVA) followed by Tukey’s post hoc analysis. Between-group differ-
ences in BBB scores and inclined plane test results were analysed using

generalized linear mixed models. Statistical significance was established

at *P < 0.05, **P < 0.01 versus the indicated group.

Results

Sal promotes locomotor function recovery in SCI
rats

As locomotor functional recovery was associated with neuronal regen-
eration, we evaluated behavioural changes after injury using BBB
scores and the inclined plane test. We found that all the rats lost func-
tion in their hind legs immediately after SCI and displayed time-depen-
dent neuronal functional restoration in response to Sal treatment. The
results of the experiments showed that the experimental groups exhib-
ited significant differences from one another with respect to their
degree of motor functional recovery (Fig. 1A and B). Our BBB score
and angle of incline estimates showed that the Sal treatment group
experienced significantly greater functional recovery than other groups,
indicating that Sal can improve motor functional recovery after SCI. We
evaluated the histological morphological changes experienced by each
group using HE and Nissl staining. As shown in Figure 1C and D, in

Table 1 Primers used for real-time PCR analysis

Genes Forward primers Reverse primers

iNOS CCCTTCAATGGTTGGTACATGG ACATTGATCTCCGTGACAGCC

TNF-a CTCAAGCCCTGGTATGAGCC GGCTGGGTAGAGAACGGATG

COX-2 AACCCAGGGGATCGAGTGT CGCAGCTCAGTGTTTGGGAT

Arg-1 CAGAAGAATGGAAGAGTCAG CAGATATGCAGGGAGTCACC

GAPDH ATGGTGAAGGTCGGTGTGA CTCCACTTTGCCACTGCAA
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contrast to the rats in the sham group, the rats in the SCI group exhib-
ited severely damaged central grey matter and dorsal white matter.
Compared with the SCI group, the Sal treatment group exhibited atten-
uated central grey matter and dorsal white matter cavitation, indicating
that Sal exerted therapeutic effects on SCI. The numbers of ventral
motor neurons (VMNs) were counted. As shown in Figure 1E and F,
SCI induced significant VMN loss; however, Sal significantly attenuated
the VMN loss induced by SCI, demonstrating that Sal can reduce neu-
ron loss and ameliorate the pathological morphological changes char-
acteristic of tissue injury. Double staining for GFAP (red) and NF-200
(green) was performed to assess the regeneration of neurofilaments
(Fig. 1G and H). The results showed that in the SCI group, the neurofil-
aments were completely lost in the injury epicentre; however, the Sal-
treated rats presented a pronounced increased number of NF-200-
labelled fibres around the lesion site. Collectively, these findings indi-
cate that Sal facilitates motor functional recovery by promoting neuron
rehabilitation.

Sal attenuates neuronal apoptosis and increases
the M2/M1 polarization ratio in SCI rats

To determine whether Sal prevents neuronal apoptosis, we analysed
Bcl-2, Bax and cleaved caspase 3 levels by Western blotting (Fig. 2A).
The results indicated that Sal significantly reversed the apoptosis
induced by mitochondria dysfunction after SCI. We also performed dou-
ble-immunofluorescence staining for cleaved caspase 3 and NeuN. As
shown in Figure 2B, SCI increased neuronal apoptosis, as demonstrated
by the results of our double-staining experiments, which showed that
neurons in the SCI group exhibited increased staining for cleaved cas-
pase 3 and NeuN compared with neurons in the control group. To inves-
tigate the neuroprotective effects of Sal, we detected the expression of
CD68, a M1 microglia/macrophage marker, by immunofluorescence
analysis (Fig. S1), the results of which showed that increased numbers
of M1 microglia/macrophage were present at lesion sites in acute SCI
and that Sal treatment decreased the numbers of M1 microglia/macro-
phage present at these sites. Furthermore, a M1 microglia marker, Iba-
1, was decreased by Sal treatment compared with SCI groups (Fig. 2C).
Consistent with our Western blotting results (Fig. 2D), the results of our
studies involving additional markers showed that iNOS and COX-2
expression levels were increased after SCI and decreased by Sal treat-
ment. We also performed immunofluorescence for Arg-1, a M2 micro-
glia/macrophage marker. Interestingly, the numbers of M2 microglia/
macrophage were increased after Sal treatment compared with before
treatment (Fig. 2E). These data indicated that Sal attenuates neuronal

apoptosis may through suppressing M1microglia/macrophage polariza-
tion and increasingM2microglia/macrophage polarization.

LPS induces M1 microglia polarization and
promotes pro-inflammatory mediator release

As shown in Figure 3A, the mRNA expression levels of pro-inflamma-
tory mediators, such as TNF-a, iNOS and COX-2, increased in a time-
dependent manner beginning at 1 hr after LPS stimulation and ulti-
mately peaked at 24 hrs after SCI in the corresponding group compared
with control group. Moreover, iNOS and COX-2 protein expression
levels increased in a time-dependent manner after LPS stimulation
(Fig. 3B), results consistent with those of the immunofluorescence
studies of the expression of CD68 (Fig. 3C). To evaluate Sal cytotoxicity,
we treated microglia with or without 0.2, 2, 20, 200 and 2000 lM Sal
for 48 hrs and then evaluated the outcome of the treatment by CCK-8
assay (Fig. 3D), whose results indicated that Sal did not cause signifi-
cant cytotoxicity at concentrations below 200 lM. Those findings sug-
gested that LPS-induced microglia-mediated pro-inflammatory mediator
release may be linked to pro-inflammatory microglia polarization.

M1 microglia trigger mitochondrial dysfunction
in neurons in coculture

To evaluate the effects of M1 microglia on neurons, we used a cocul-
ture system. We treated the microglia as described in Figure 4A. We
used rhodamine 123, a lipophilic cationic probe, to assess MMP. As
shown in Figure 4B–D, we cocultured M1 microglia with neurons and
found that M1 microglia leading to MMP dissipation in neuron, find-
ings supported by our observation of time-dependent decreases in
green fluorescence intensity. The Bax/Bcl-2 ratio and cleaved caspase
3 protein expression levels were positively correlated with the amount
of time for which the microglia were treated with LPS (Fig. 4E–H).
These data indicated that M1 microglia-induced neuronal apoptosis
was caused by mitochondria dysfunction.

Sal prevents neuron apoptosis induced by M1
microglia

To investigate the effects of Sal on neuronal apoptosis induced by
M1 microglia, we treated the cells as shown in Figure 5A. Then,
we double-stained the neurons with calcein AM/PI (Fig. S2). The

Fig. 1 Sal attenuates tissue structural damage, neuron loss and improves functional recovery after experimental acute traumatic SCI (A) Basso, Beat-
tie and Bresnahan (BBB) scores. (B) Inclined plane test scores. (C) H&E stains at 7 days. Scale bars are 100 lm (49) and 50 lm (209). Dashed

lines area showed cavity of spinal cord. (D) Graphic presentation of the percentage of preserved tissue relative to the transverse area of the spinal
cord on the seventh postoperative day. (E) Nissl staining to assess the loss of neurons at 7 days. Scale bars are 50 lm. (F) Counting analysis of

VMN at rostral 5 mm, caudal 5 mm and lesion site. (G) Representative images containing neurofilament (NF-200, green) and GFAP (red)

immunofluorescence on spinal cord sections. Dashed lines area showed cavity of spinal cord. Scale bar are = 1000 lm and 50 lm. (H) Quantitative
analysis of NF-200 staining intensity. Data are presented as the mean � S.D., n = 3 independent experiments. Significant differences between
groups are indicated as *P < 0.05 and **P < 0.01.
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Fig. 2 Sal prevents neuronal apoptosis and regulates microglia/macrophage polarization (A) Western blot analysis of cleaved caspase 3, Bcl-2 and

Bax expression in each group of rats. Sal evidently prevented SCI-induced neuronal apoptosis. (B) Double-staining for cleaved caspase 3 (green)/

NeuN (red) in sections of injured spinal cord tissue from each group of rats (scale bar: 10 lm). (C) Immunofluorescence staining for Iba-1 in
injured spinal cord tissue from each group rats (scale bar: 50 lm). Sal significantly reduced the numbers of M1 microglia after SCI. (D) Representa-
tive Western blots of and quantitative data for iNOS, COX-2 and b-actin expression in each group of rats. Inflammatory mediator release was sup-

pressed by Sal treatment. (E) Immunofluorescence staining for Arg-1 in sections of injured spinal cord tissue from each group rats (scale bar:
50 lm). Sal significantly increased M2 cell numbers after SCI. Densitometric analysis of all Western blot bands, whose densities were normalized to

those of b-actin. Data are presented as the mean � S.D., n = 3 independent experiments. Significant differences between groups are indicated as

*P < 0.05 and **P < 0.01.
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results showed that PC12 cells cocultured with M1 microglia
underwent apoptosis at a significantly increased rate compared
with cells in the control group. Moreover, cells that were cocul-
tured with Sal-pre-treated microglia underwent apoptosis at a sig-
nificantly decreased rate compared with cells in the control group.
Furthermore, the TUNEL assay (Fig. 5B and C) results showed that
the incidence of apoptosis was significantly increased in neurons
cocultured with M1 microglia and decreased in neurons cocultured
with Sal-pre-treated microglia compared with control neurons. In
contrast, cell viability was increased in cells cocultured with Sal-

pre-treated microglia compared with control cells (Fig. 5D), sug-
gesting that Sal protects against M1 microglia-induced neuronal
apoptosis. Moreover, the degree of MMP dissipation induced by
M1 microglia was attenuated by Sal pre-treatment (Fig. 5E–G). In
addition, Western blotting was performed to detect apoptosis-
related protein expression in neurons. As shown in Figure 5H–K,
the Bax/Bcl-2 ratio and cleaved caspase 3 expression levels were
significantly restored in neurons cocultured with Sal-pre-treated
microglia. These data indicated that Sal-pre-treated microglia can
prevent mitochondria dysfunction-induced neuronal apoptosis.

Fig. 3 LPS induces M1 microglia polarization and pro-inflammatory mediator release. (A) iNOS, COX-2 and TNF-a gene expression levels in BV-2

cells. Gene expression levels were assessed via qRT-PCR and normalized to GAPDH gene expression levels. Related gene expression levels were

up-regulated by LPS stimulation in a time-dependent manner. (B) Representative Western blots of and quantitative data for iNOS, COX-2 and b-actin
expression in each group of microglia. iNOS and COX-2 protein expression levels were enhanced by LPS stimulation. (C) Immunofluorescence stain-

ing for CD68 in each of group microglia (scale bar: 100 lm). LPS induced M1 microglia polarization in a time-dependent manner. Densitometric

analysis of all Western blot bands, whose densities were normalized to those of b-actin. Data are presented as the mean � S.D., n = 3 independent
experiments. Significant differences between groups are indicated as *P < 0.05 and **P < 0.01.
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Sal inhibits LPS-induced microglia polarization
and promotes M2 microglia polarization

The effects of Sal on microglia polarization were studied in vitro using
mainly BV-2 microglial cells, as shown in Figure 6A. The morphologi-
cal study results (Fig. 6B) showed that BV-2 cells underwent M1
polarization and assumed an amoeboid shape after 24 hrs of LPS
stimulation, changes that were prevented by Sal pre-treatment. More-
over, the results indicated that unlike BV-2 microglial cells stimulated
by LPS (1 lg/ml), BV-2 cells pre-treated with 2–200 lM Sal dis-
played significantly suppressed TNF-a, iNOS and COX-2 mRNA
expression (Fig. 6C). Cytokines such as iNOS, COX-2, TNF-a and IL-6
are indicators of M1 microglia polarization. Similar to the results of
the Western blot assay (Fig. 6D and E), the results of this experiment
showed that TNF-a, iNOS, COX-2 and IL-6 protein expression was
significantly inhibited by Sal pre-treatment in the indicated group
compared with the control group. Furthermore, we measured M2
microglia polarization levels using qPCR (Fig. 6F) and Western

blotting (Fig. 6G and H), the results of which indicated that Sal signifi-
cantly increased M2 microglia-related marker expression levels, as
well as Arg-1 expression levels, in the indicated group compared with
the control group. Moreover, we detected the M2/M1 microglia ratio
by performing double-staining experiments involving CD68 and Arg-1
(Fig. 6I). The results showed that Sal increased the M2/M1 microglia
ratio in the indicated group compared with the control group. Taken
together, these results showed that Sal suppressed M1 microglia
polarization and regulated the M2/M1 ratio.

Autophagic flux is involved in Sal-induced
microglial polarization

A previous study showed that impaired macrophage autophagy pro-
motes M1 polarization [36]. To investigate the relationship between
autophagic flux and microglia polarization, we detected the expres-
sion levels of the autophagic flux-related proteins LAMP-2, p62 and

Fig. 4M1 microglia polarization induces neuronal apoptosis. (A) Schematic of BV-2 cell treatments and the coculture system. BV-2 cells were stimu-

lated by LPS for 24 hrs, then washed three times and cocultured with PC12 cells. (B, C, D) Fluorescence staining results pertaining to MMP, as

demonstrated by rhodamine 123 and PI. Representative images of stained neurons from the indicated groups (scale bar: 200 lm). MMP decreased

significantly, and neuronal death increased in cells cocultured with M1 microglia. (E, F, G, H) Representative Western blots of and quantitative data
for Bcl-2, Bax, cleaved caspase 3 and b-actin expression in each group of neurons. The neuronal apoptosis induced by mitochondria dysfunction

was significantly increased in cells cocultured with M1 microglia. Densitometric analysis of all Western blot bands, whose densities were normalized

to those of b-actin. Data are presented as the mean � S.D. and, n = 3 independent experiments. Significant differences between groups are indi-
cated as *P < 0.05 and **P < 0.01.
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LC3 in vivo (Fig. S3A–D). The Western bolting results showed that
LAMP-2 expression levels were decreased in the SCI group compared
with the control group. Interestingly, p62 and LC3 expression levels
were increased in the SCI group compared with control group, sug-
gesting that autophagic flux may be inhibited in acute SCI. Moreover,

LAMP-2 and LC3-II expression levels were increased, and p62
expression levels were decreased in the Sal-treated group compared
with the SCI group. These data indicated that the autophagic degrada-
tion pathway was inhibited by acute SCI and restored by Sal treat-
ment. To determine the relationship between autophagic flux and

Fig. 5 Sal prevents M1 microglia-induced neuronal apoptosis (A) Schematic of BV-2 cells treatments and the coculture system. BV-2 cells were pre-

treated with Sal for 24 hrs, followed by washing three times and stimulation with LPS for 24 hrs, and then cocultured with PC12 cells. (B, C)
TUNEL assay was performed in neurons cocultured with microglia (scale bar: 100 lm). Sal ameliorates neuronal apoptosis induced by M1 micro-

glia. (D) CCK-8 results pertaining to neurons cocultured with microglia. Cell viability was evidently increased in neurons cocultured with Sal-pre-trea-
ted microglia. (E, F, G) Fluorescence staining results for MMP, as demonstrated by rhodamine 123 and PI. Representative images of stained

neurons from the indicated groups (scale bar: 200 lm). MMP increased significantly, and neuronal apoptosis decreased in cells cocultured with

Sal-pre-treated microglia. (H, I, J, K) Representative Western blots of and quantitative data for Bcl-2, Bax, cleaved caspase 3 and b-actin expression
in each group of neurons. The neuronal apoptosis induced by mitochondrial dysfunction was significantly attenuated in cells cocultured with Sal-

pre-treated microglia. Densitometric analysis of all Western blot bands, whose densities were normalized to those of b-actin. Data are presented as

the mean � S.D., n = 3 independent experiments. Significant differences between groups are indicated as *P < 0.05 and **P < 0.01.
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microglial polarization, we used CQ, a specific lysosome inhibitor, to
block autophagic flux, as shown in Figure 7A. The double-immuno-
fluorescence staining results for LC3 and p62 expression showed that
Sal increased the number of LC3 puncta and deceased p62 fluores-
cence intensity in the indicated group compared with the control
group (Fig. 7B). Moreover, Western blot assay showed that

autophagic flux can be activated by Sal pre-treatment, an effect that
can be inhibited by CQ (Fig. 7C and D). Furthermore, we performed
double-staining for CD68 and Arg-1 (Fig. 7E), the results of which
indicated that blocking autophagic flux may enhance M1 polarization
and reduce M2 polarization. The results of our Western blot assay for
iNOS and COX-2 expression indicated that Sal suppressed M1

Fig. 6 Sal regulates microglia polarization (A) Schematic of BV-2 cell treatments. BV-2 cells were pre-treated with Sal for 24 hrs, followed by wash-

ing three times and stimulation with LPS for 24 hrs. (B) Morphological results for microglia in the Sal- and/or LPS-treated BM-EPC group (scale

bar: 100 lm). Microglial treated with LPS displayed retracted branches, while microglia pre-treated with Sal displayed extended branches. (C) iNOS,
COX-2 and TNF-a gene expression levels in BV-2 cells. Gene expression was assessed via qRT-PCR and normalized to GAPDH expression. The

expression levels of the related genes were up-regulated by LPS stimulation and down-regulated by Sal pre-treatment. (D, E) Representative Wes-

tern blots of and quantitative data for iNOS, COX-2, TNF-a, IL-6 and b-actin expression in each group of microglia. Sal significantly suppressed
pro-inflammatory mediator release and prevented M1 microglia polarization. (F) Arg-1 gene expression levels in BV-2 cells. Sal enhanced M2

polarization-related gene expression levels in a dose-dependent manner. (G, H) Representative Western blots of and quantitative data for Arg-1 and

b-actin expression in BV-2 cells. Sal increased M2 polarization marker protein expression levels in a dose-dependent manner. (G) Double-staining
for CD68 (green)/Arg-1 (red) in microglia from each group (scale bar: 100 lm). Sal pre-treatment evidently decreased M1 polarization and increased
M2 polarization. Densitometric analysis of all Western blot bands, whose densities were normalized to those of b-actin. Data are presented as the

mean � S.D., n = 3 independent experiments. Significant differences between groups are indicated as *P < 0.05 and **P < 0.01.
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microglia polarization in the indicated group compared with the con-
trol group, an effect that was significantly inhibited by CQ (Fig. 7F
and G). These data suggested that microglia polarization may be facil-
itated by the autophagy-lysosome pathway.

Sal activates the AMPK/mTOR pathway in vivo
and in vitro

In our vivo study, we detected AMPK/mTOR pathway activity by
Western blotting. As shown in Figure 8A, the expression levels of

p-AMPK were significantly increased, and the expression levels of
p-mTOR and its downstream target, p-p70s6k, were significantly
decreased in the SCI group compared with the control group.
After Sal treatment, AMPK phosphorylation was increased, and
mTOR and p70s6k phosphorylation was decreased in the Sal-trea-
ted group compared with SCI group. To elucidate the mechanism
by which Sal exerts its effects, our group explored whether Sal-
induced autophagic flux is associated with the AMPK/mTOR path-
way in vitro. Microglia were treated with compound C, an AMPK
inhibitor, as shown in Figure 8B. Western blot analysis of p-
AMPK, p-mTOR and p-p70s6k expression levels showed that Sal

Fig. 7 The microglia polarization-related effects of Sal are related to autophagic flux (A) Schematic of BV-2 cell treatments and the relationship

between autophagic flux and Sal pre-treatment. BV-2 cells were pre-treated with CQ for 2 hrs, followed by washing three times and treatment with

Sal for 24 hrs. (B) Immunofluorescence staining for LC3 and p62 in each group of microglia (scale bar: 50 lm). Autophagic flux was blocked by
LPS stimulation and activated by Sal pre-treatment. (C, D) Representative Western blots of and quantitative data for LAMP-2, p62, LC3 and b-actin
expression in BV-2 cells. Lysosomal function was damaged by LPS stimulation and restored by Sal pre-treatment. (E) Double-staining for CD68

(green)/Arg-1 (red) in microglia from each group (scale bar: 100 lm). Sal pre-treatment evidently decreased M1 polarization and increased M2

polarization through the autophagy-lysosome pathway. (F, G) Western blot analysis of iNOS, COX-2 and b-actin expression in each group of micro-
glia. Sal evidently prevents M1 polarization and pro-inflammatory mediator release, effects that were reversed by CQ. Densitometric analysis of all

Western blot bands, whose densities were normalized to those of b-actin. Data are presented as the mean � S.D., n = 3 independent experiments.

Significant differences between groups are indicated as *P < 0.05 and **P < 0.01.
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pre-treatment significantly enhanced AMPK phosphorylation and
reduced mTOR and p70s6k phosphorylation in the indicated group
compared with the LPS-stimulated group (Fig. 8C), implying that
M1 microglia polarization may occur via the AMPK/mTOR path-
way. Moreover, the effects of Sal were inhibited by compound C.
We also detected the expression levels of the autophagic flux
markers p62 and LC3-II after the microglia were subjected to
compound C pre-treatment (Fig. 8D). The results showed that
compound C inhibited Sal-induced autophagic flux. In addition,
our group also investigated the effects of Sal on the AMPK/mTOR
pathway and autophagic flux, the results of which showed that
Sal activated the AMPK/mTOR pathway (Fig. S4A and B). Collec-
tively, these findings indicate that Sal acts through the AMPK/
mTOR pathway to activate autophagic flux, which participates in
microglia polarization.

Discussion

SCI is a crippling and severely disabling disease characterized signifi-
cant sensory and motor functional loss. Approximately 12,000 new
cases occur annually [40]. Numerous studies have focused on com-
pounds that inhibit neuronal apoptosis in functional and pathological
recovery after SCI [41–44]. In this study, we evaluated a TCM (tradi-
tional Chinese medicine) known as Sal, a compound that has shown
therapeutic efficacy in SCI, and elucidated the mechanism underlying
its neuroprotective effects. The results of the BBB and inclined plane
tests showed that Sal treatment significantly improved motor func-
tional recovery after injury. Moreover, H&E and Nissl staining showed
that Sal prevented motor neuron loss in the ventral horn. Further-
more, more NF-200-positive fibres were detected at the lesion site
after Sal treatment. Additionally, the expression levels of the mito-
chondria apoptosis-related proteins cleaved caspase 3 and Bax were
increased, while those of the mitochondria anti-apoptosis proteins
Bcl-2 were decreased in the SCI group compared with the control
group, phenomena that were reversed by Sal treatment, indicating
that Sal attenuates apoptosis mediated by mitochondrial dysfunction.
We also performed TUNEL staining, which measures apoptosis. The
results showed that the number of TUNEL-positive cells in the SCI
group was significantly increased compared with that in the control
group, an effect that was reversed by Sal treatment. These data sug-
gested that Sal improves functional recovery after acute SCI by pre-
venting neuron apoptosis.

After CNS injury, inflammation causes secondary damage [45]
and thus exacerbates post-SCI tissue damage and functional loss.
These effects are partially attributable to the release of numerous
mediators that exert cytotoxic effects on CNS cells that can lead to
demyelination and neuronal loss from microglia and macrophages
[46–48]. However, the results of a recent investigation suggest that
reductions in inflammation and immunocyte infiltration in the injured
CNS may improve neuronal regeneration [49]. Moreover, increasing
numbers of studies have found that different macrophage polarization
processes play distinct roles in tissue recovery—as some macro-
phages exert neurotoxic effects, while others exert neuroprotective
effects [6, 50–53]—and that the balance between M1 and M2

polarization may partially determine the degree of CNS functional
recovery experienced by patients post-SCI. In the CNS, resident
microglia and/or infiltrating monocytes from peripheral blood serve
as macrophages. After SCI, M1 macrophages predominate over M2
macrophages [6], suggesting that regulating macrophage polarization
in the injured spinal cord is a potential strategy for promoting loco-
motor recovery. Based on these findings, we investigated whether the
effects of Sal in acute SCI are linked to microglia/macrophage polar-
ization. We found that increased numbers of M1 microglia/macro-
phage were present at sites of injury. Interestingly, the M2/M1 ratio
was significantly increased in the Sal-treated group compared with
the SCI group, suggesting that Sal decreases M1 microglia/macro-
phage polarization and increases M2 microglia/macrophage polariza-
tion in acute SCI.

Thus, our study focused on microglia polarization, the resident
macrophages in central nervous system, and we verified that cross-
talk occurs among Sal, microglia polarization and neuron apoptosis in
an in vitro experiment using the BV-2 microglial cell line and the PC12
neuronal cell line. Microglia mainly participate in the inflammatory
response after spinal cord injury [5] and are necessary for normal
neuronal function. M1 microglia are a prominent source of pro-
inflammatory factors and oxidative stress mediators, such as TNF-a,
NO and IL-1b, which are neurotoxic [6]. The pathological processes
of various neurodegenerative diseases are associated with different
pro-inflammatory cytokines and chemokines whose release is elicited
by M1 microglial polarization [6], thus inhibiting pro-inflammatory
mediator release by suppressing M1 polarization may have neuropro-
tective effects [54, 55]. In the present in vitro study, we found that
M1 microglia displayed increases in iNOS, COX-2 mRNA and protein
expression and intense CD68 staining. However, treatment with Sal
prior to LPS stimulation reversed M1 polarization. Moreover, M1
microglia cocultured with neurons caused the up-regulation of apop-
tosis-related proteins, such as cleaved caspase 3 and Bax, and the
down-regulation of protective proteins, such as Bcl-2, as well as
decreases in MMP. In the coculture system, pre-treating microglia
with Sal significantly reduced apoptosis-related protein expression
levels and prevented decreases in MMP in neurons. Based on these
in vitro results, we surmised that M1 microglia can trigger mitochon-
drial dysfunction and neuronal apoptosis and that Sal can suppress
M1 microglia polarization and prevent the mitochondrial dysfunction-
induced neuronal apoptosis facilitated by M1 microglia. Interestingly,
we found that the expression levels of the M2 microglia marker, Arg-
1, were increased after Sal treatment, even after LPS stimulation. This
finding indicated that the neuroprotective effects of Sal may be asso-
ciated with both the M1 and the M2 microglia populations. However,
the molecular mechanism by which Sal induces changes in microglia
polarization remains unclear.

Autophagy is a process of self-digestion whereby the cell
degrades useless proteins and organelles through the autophagy-
lysosome pathway to sustain cellular function [56, 57]. Evidence from
numerous recent studies shows that moderate autophagy exerts pro-
tective effects against various pathologies, including Alzheimer’s dis-
ease [58], osteoarthritis [59] and SCI [60]. Under most
circumstances, autophagy has cytoprotective effects [42, 61–63];
however, excessive autophagy leads to cell death. Until recently, the
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function of the autophagy pathway in SCI was unclear. Several recent
studies have focused on the usefulness of autophagy as a therapy for
inflammation-induced disease [64, 65]. Increases in the expression

levels of autophagic markers have been detected following ischaemia/
reperfusion or inflammation injury, indicating that injury or stress can
trigger cell self-protective mechanisms by activating autophagy [66,

Fig. 8 Sal promotes autophagic flux by modulation of AMPK/mTOR pathway in vivo and in vitro (A) Representative Western blots of and quantitative
data for p-AMPK, AMPK, p-mTOR, mTOR, p-p70s6k, p70s6k and b-actin expression in each group rats. The AMPK/mTOR pathway was activated by

Sal treatment in the indicated group. (B) Schematic of BV-2 cell treatments and the relationship between the AMPK/mTOR pathway and autophagic

flux. BV-2 cells were pre-treated with Cpd C for 2 hrs, followed by washing three times and treatment with Sal for 24 hrs, and then stimulated by

LPS for 24 hrs. (C, D) Representative Western blots of and quantitative data for p-AMPK, AMPK, p-mTOR, mTOR, p-p70s6k, p70s6k, p62, LC3 and
b-actin expression in each group of microglia. Sal activated autophagic flux via the AMPK/mTOR pathway, a change that was reversed by compound

C. Densitometric analysis of all Western blot bands, whose densities were normalized to those of the corresponding total proteins or b-actin. Data
are presented as the mean � S.D., n = 3 independent experiments. Significant differences between groups are indicated as *P < 0.05 and
**P < 0.01.
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Fig. 9 Schematic of the preventative effects of Sal on neuronal apoptosis. After LPS stimulation, resting microglia underwent M1 polarization and

released pro-inflammatory mediators to induce neuronal apoptosis. Sal enhanced the M2/M1 cell ratio by activating autophagic flux and the AMPK/

mTOR pathway.
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67]. In contrast, other studies have shown that autophagy has perni-
cious effects [68, 69]. This discrepancy may be attributable to a lack
of understanding regarding autophagic flux, which begins with for-
mation of the autophagosome and ends with substrate degradation
by the lysosome [61, 62]. Interestingly, we found that the above-
mentioned increases in the levels of upstream autophagic markers
are partially attributable lysosome dysfunction, which may suppress
the cargo degradation pathway. It is well known that LC3 and p62
are symbols of autophagy and represent different autophagic pro-
cesses. Specifically, LC3 represents autophagic flux initiation, while
p62 represents autophagic flux termination, which is associated
with lysosomal degradation [70, 71]. Therefore, changes in LC3
expression are not fully indicative of autophagy-lysosome pathway
activity but are associated with changes in p62 expression. Our
in vivo results showed that LC3 and p62 expression levels were
enhanced after SCI, indicating that autophagic flux had been acti-
vated; however, the downstream processes associated with autop-
hagic flux may have been blocked. Moreover, we found that the
levels of LAMP-2, which is the main lysosomal membrane protein
and is closely associated with autophagic degradation [72],
decreased significantly in the SCI group compared with the control
group. These data suggest that the autophagy-lysosome pathway is
damaged in acute SCI.

Autophagic marker expression levels are enhanced in acute
inflammation; however, autophagic flux marker levels are not
increased, possibly as a result of lysosomal dysfunction [70].
Moreover, impaired macrophage autophagy may promote pro-
inflammatory macrophage polarization [36]. The TSC1/2 complex
directly suppresses the M1 macrophage response, and mTOR path-
way inhibition plays an essential role in M2 activation [73]. In our
study, we investigated the crosstalk between microglia polarization
and autophagic flux using the classic autophagy inhibitor CQ. We
found that LAMP-2 levels were decreased after LPS treatment, indi-
cating that the autophagic degradation pathway was inhibited and
that the autophagy-lysosome pathway was disrupted. Furthermore,
CQ reversed the suppressive effects of Sal on M1 microglia polar-
ization, indicating that Sal suppressed M1 macrophage polarization
through the autophagy-lysosome pathway (Fig. 9). Consistent with
our immunofluorescence results, the results of this experiment
showed that M1 microglia enhance LC3 puncta and induce p62
accumulation.

Emerging reports have shown that AMPK plays a key role in
cell survival and can be activated by inflammation, after which it
phosphorylates the mTOR receptor to induce autophagy [74, 75].
Moreover, AMPK has been demonstrated to be involved in numer-
ous CNS diseases, such as bovine spongiform encephalopathy and
Parkinson’s disease, and exerts its effects through autophagic flux
[76, 77]. A recent study showed that the mTOR pathway plays a
key role in regulating macrophage polarization [78] and that mTOR
inhibition can reverse M1 macrophage polarization and promote
M2 macrophage polarization [73]. In this study, we detected the
effects of Sal on the expression of p-AMPK and its downstream
targets, p-mTOR and p-p70s6k, in the rat spinal cord in vivo and
in vitro. In the in vivo study, we demonstrated that Sal activated
the AMPK/mTOR signalling pathway to promote autophagic

activity. In our in vitro study, we found that compound C-mediated
inhibition of AMPK phosphorylation [79, 80] abrogated the effects
of Sal. These findings indicated that the upstream factor of the
mTOR receptor, AMPK, may be an essential target in inflamma-
tion-induced apoptosis and may mediate the protective effects of
Sal in microglia (Fig. 9). However, how Sal activates autophagic
flux through the AMPK pathway remains unclear, and the relation-
ship among inflammation, apoptosis and autophagy still needs fur-
ther investigation.

Conclusions

In summary, our study has provided evidence of the effects of Sal
treatment on motor functional recovery, neuronal apoptosis, micro-
glia polarization and autophagic flux after SCI. Our results demon-
strate that Sal may be useful as a therapeutic agent that can regulate
microglia polarization through the autophagy-lysosome pathway to
attenuate acute SCI.
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Figure S1 Sal decreases M1 microglia/macrophage in injured spinal
cord. Immunofluorescence staining for CD68 in sections of injured
spinal cord tissue from each group rats (scale bar: 100 lm). Sal sig-
nificantly reduced the numbers of M1 microglia after SCI.

Figure S2 Sal prevents M1 microglia-induced neuron death.
Live/dead staining results for neurons cocultured with each type
of microglia (scale bar: 200 lm). Cell survival was significantly
up-regulated in cells cocultured with Sal-pre-treated microglia.

Figure S3 Sal restores autophagic flux in vivo. (A, B, C, D)
Representative western blots of and quantitative data for LAMP-
2, p62, LC3 and b-actin expression in each group of rats.
Autophagic flux was blocked, and lysosomal dysfunction
occurred after SCI, while autophagic flux was restored by treat-
ment with Sal. Densitometric analysis of all western blot bands,
whose densities were normalized to those of b-actin. Data are
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presented as the mean � S.D., s = 3 independent experiments.
Significant differences between groups are indicated as
*P < 0.05 and **P < 0.01.

Figure S4. Sal activates autophagic flux via the AMPK/mTOR
pathway. (A, B) Representative western blots of and quantitative
data for p-AMPK, AMPK, p-mTOR, mTOR, p-p70s6k, p70s6k,

p62, LC3 and b-actin expression in each group of microglia.
Sal activated autophagic flux via the AMPK/mTOR pathway.
Densitometric analysis of all western blot bands, whose intensi-
ties were normalized to those of the corresponding total pro-
teins or b-actin. Data are presented as the mean � S.D., n = 3
independent experiments. Significant differences between
groups are indicated as *P < 0.05 and **P < 0.01.
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