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Salvianolic acid B activates Wnt/p-catenin signaling
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Abstract. Neural cell apoptosis serves a key role in spinal cord
injury (SCI), which is a threat to human health. The present
study aimed to evaluate the neuroprotective mechanism of
salvianolic acid B (Sal B) in a spinal cord injury (SCI) rat
model. Basso, Beattie, and Bresnahan scores demonstrated that
Sal B treatment significantly increased locomotor functional
recovery in SCI rats compared with SCI model rats between 3
and 8 weeks. Nissl staining demonstrated that Sal B enhanced
motor neuron survival and decreased lesion size after SCI.
Reverse transcription-quantitative PCR analysis demonstrated
that Sal B treatment significantly enhanced the mRNA levels
of lymphoid enhancer biding factor-1 and HNF1 homeobox
A. In addition, Sal B treatment enhanced the expression of
[(-catenin. Western blot analysis determined that Sal B treat-
ment significantly decreased the expression of pro-apoptosis
proteins, including Bax, cleaved caspase-3 and -9, in spinal
cord tissues after SCI but enhanced the expression of Bcl-2,
an anti-apoptotic protein. Furthermore, terminal deoxynucleo-
tidyl transferase dUTP nick end labeling (TUNEL) staining
demonstrated that, compared with the SCI group, Sal B
treatment decreased the number of TUNEL-positive neurons.
In summary, the present study produced novel data demon-
strating the neuroprotective effect of Sal B on SCI with the
mechanism likely primarily mediated via the Wnt/B-catenin
signaling pathway. The present findings may be of potential
therapeutic value for future SCI treatments.
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Introduction

Neural cell apoptosis has a key role in secondary injury, which
directly affects the recovery of white matter and neurological
function (1) during spinal cord injury (SCI). Apoptosis is a
major regulator of the process of secondary injury (2). Hence,
the suppression of apoptosis can prevent or decrease secondary
injury, thereby improving nerve function and preventing nerve
cell loss (3.4). Although great advances have been made in the
field of SCI, effective therapy methods are still lacking.

The Wnt family are a class of glycoproteins that are
widely involved in neural development, axonal guidance, cell
proliferation and neural cell survival (5,6). In acute respira-
tory distress syndrome and colorectal cancer, Wnt/B-catenin
signaling has been shown to be involved in the regulation of
cell apoptosis (7,8). It has been reported that Wnt/f3-catenin
signaling, which enhances the functional recovery of the
injured spinal cord, is activated following SCI (9).

Salvianolic acid B (Sal B), an active pharmaceutical
compound isolated from Salvia miltiorrhiza, has been
shown to be neuroprotective in animal models of brain
injury and SCI (10,11). Previous studies have demonstrated
that Sal B can promote the recovery of neurological func-
tion (12,13). However, whether these beneficial effects of
Sal B are correlated with Wnt/f-catenin signaling has not
been elucidated.

The present study aims to evaluate the neuroprotective
mechanism of Sal B in SCI rats, which may be of potential
therapeutic value for future SCI treatment.

Materials and methods

Animals and Sal B treatment. The present study was approved
by the Animal Ethics Committee of Shandong Provincial
Hospital Affiliated with Shandong University. A total of 18
adult male Sprague Dawley rats (weight range, 220-250 g; age,
6-8 weeks) were purchased from Shanghai Laboratory Animal
Center, Chinese Academy of Sciences (Shanghai, China). The
rats were maintained in the animal experimental center of
Shandong University with four animals housed per cage under
a 12-h light/dark cycle. Room temperature was maintained at
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23+1°C, the humidity was maintained at ~60%, and all rats
had free access to food and water.

The rats were randomly divided into three groups (n=6 for
each group): The sham group, the SCI group and the Sal B+SCI
group. Sal B (cat. no. M5250; Sigma-Aldrich; Merck KGaA)
stock solutions (0.5 mg/ml) were prepared in 0.1 mol/l NaOH
and diluted 1:10 in 0.1 mol/l phosphate-buffered saline (PBS)
prior to use with the pH of the solution adjusted to 7.4-7.6. For
the sham group, rats received no other treatments. For the SCI
group, the rats received 0.1 mol/l PBS instead of Sal B.

Before the study, three Sal B dose groups were chosen:
2 mg/kg (low dose group), 10 mg/kg (medium dose group) and
20 mg/kg (high dose group). Preliminary experimental results
showed that there were differences in cell viability between
Sal B high dose group (20 mg/kg group) and the other groups
from the 7th day following SCI, with the effect of Sal B on
reducing SCI positively correlated with the concentration (data
not shown). A previous study also indicated that 20 mg/kg
Sal B was optimal for postoperative neurological functional
recovery (12). Combined with our data and the previous
report, the dose of Sal B 20 mg/kg was selected for subsequent
experimentation. For the Sal B+SCI group, the Sal B group
rats were treated with 20 mg/kg Sal B 24-h following SCI. A
total of 8§ rats were in the sham group, 8 rats were in the SCI
group and 8 rats were in the Sal B+SCI group.

Establishment of SCI rat model. The rat model of SCI was
established as previously described (14). The rats in the sham
surgery group underwent all aspects of the surgery except
for thoracic contusion injury. Following 8 h of fasting, the
rats were anesthetized with 10% chloral hydrate (400 mg/kg)
(Vigorous Biotechnology Beijing Co., Ltd.) via intraperitoneal
injection in accordance with a previous study (15). No signs
of peritonitis were observed in any of the animals following
administering chloral hydrate.

Subsequently, the rats were placed in a prone position and
an incision (~2.5 cm in length) was made in the middle of
the back. The skin was cut layer by layer and the T8 to T10
vertebral plates were exposed. Total laminectomy of the T9
vertebral plate was performed to expose the spinal dura mater.
The T8 and T10 spinous processes were fixed using forceps. A
Kirschner wire (10 g) was inserted into the aorta via a catheter
with a weight that fell freely from a 25-mm height. Following
this, a semicircular slice (4x2 mm) made from thin plastic was
used to impact the spinal cord and the wire was immediately
removed, resulting in incomplete injury of the rat spinal cord.
The incision was sutured layer by layer. Following the injury,
tail-wagging reflex, retraction flutter of the lower limbs and
body, and the flaccid paralysis of the lower limbs during the
awake state indicated the successful establishment of a model
of SCI (Fig. 1) (14).

The rats in the treatment group were intraperitoneally
administered with 20 mg/kg Sal B dissolved in 1 ml of PBS,
once a day, for eight consecutive weeks based on the results of
a previous study and our preliminary experiments performed
in the Shandong Provincial Hospital Affiliated with Shandong
University (Shandong, China) (12). No changes in locomo-
tion or mental state were observed in the rats from the SCI,
SCI+Sal B-treated or sham groups in the present study there-
fore, 20 mg/kg Sal B dose was considered safe.
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Behavioral assessment. The Basso, Beattie, and Bresnahan
(BBB) locomotor rating scale (14) was used to determine
motor function prior to SCI, 24 and 72-h following SCI and
then once per week for 7 weeks. Briefly, open-field locomotor
activity scores were determined by observing and analyzing
behaviors involving all hind limb joint movements, plantar
placement, forelimb and hind limb coordination and trunk
stability. The BBB scores ranged from 0 (complete paralysis)
to 21 (unimpaired locomotion). All behavioral observations
were performed at the same time (8:00 p.m.) to avoid varia-
tions in the movement of the animals between day and night.
All of the rats were evaluated by three trained examiners in a
double-blind manner.

Western blot analysis. For euthanasia, SD rats were anesthe-
tized by an intraperitoneal injection of 10% chloral hydrate
(350 mg/kg). After the rats were fully anaesthetized, rats
were sacrificed by decapitation and verification of death was
defined by the cessation of breathing. Then, total protein was
isolated from the T10 spinal cord tissues or primary spinal
cord neurons using a total protein extraction kit (Beijing
Solarbio Science & Technology Co., Ltd.) and was collected
following centrifugation at 12,000 x g for 30 min at 4°C. A
bicinchoninic acid protein assay kit (Pierce; Thermo Fisher
Scientific, Inc.) was used to determine the protein concen-
tration. A total of 20 ug of protein was loaded per lane and
separated using 12% SDS-PAGE then transferred onto polyvi-
nylidene difluoride membranes and blocked with 5% fat-free
milk at room temperature for 2-h. The membranes were incu-
bated with primary antibodies against Bax (cat. no. ab32503;
1:1,000; Abcam), Bcl-2 (cat. no. ab32124; 1:1,000; Abcam),
cleaved-caspase3 (c-caspase3; cat. no. ab2302; 1:1,000;
Abcam), total-caspase3 (t-caspase3; cat. no. ab13847; 1:1,000;
Abcam), c-caspase9 (cat. no. ab2324; 1:1,000; Abcam),
t-caspase9 (cat. no. ab32539; 1:1,000; Abcam,), 3-catenin
(cat. no. ab32527; 1:1,000; Abcam), phosphorylated-GSK3p
(p-GSK3p, cat. no. abl07166; 1:1,000; Abcam), GSK3p
(cat. no. ab93926; 1:1,000; Abcam) and anti-GAPDH
(cat. no. 2118; 1:5,000; Cell Signaling Technology, Inc.) at
4°C overnight. The membranes were subsequently incubated
with horseradish peroxidase-conjugated goat anti-rabbit IgG
(1:5,000; cat. no. ZB-2301; Beijing Zhongshan Golden Bridge
Biotechnology Co.) for 2 h at room temperature, followed
by three washes with Tris-buffered saline and Polysorbate
20. Enhanced chemiluminescence (EMD Millipore; Merck
KGaA) was used to determine the protein concentrations
according to the manufacturer's protocol. The signals were
detected using a Super ECL Plus kit (Nanjing KeyGen Biotech
Co., Ltd.), and quantitative analysis was performed using UVP
software (UVP LLC). Relative protein expression levels were
normalized to GAPDH. All experiments were repeated three
times. ImageJ 1.43b software (National Institutes of Health)
was used for densitometry analysis.

Reverse transcription-quantitative PCR (RT-gPCR) analysis.
Total RNA was isolated from spinal cord tissues or primary
spinal cord neurons using TRIzol reagent (Life Technologies;
Thermo Fisher Scientific, Inc.) according to the manufacturer's
protocol. The RNA was reversed-transcribed into cDNA
using the TagMan RNA Reverse Transcription kit (Applied
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Figure 1. SCI+Sal B group improves locomotor functional recovery following SCI. (A) Representative images of establishment of the SCI rat model. (B) BBB
scoring showing that SCI+Sal B group improves locomotor functional recovery following SCI. ““P<0.001 vs. the sham group; “P<0.05 vs. SCI group. Sal B,
salvianolic acid B; SCI, spinal cord injury; BBB, Basso, Beattie, and Bresnahan.

Biosystems; Thermo Fisher Scientific, Inc.). The thermocy-
cling conditions were as follows: Annealing at 65°C for 5 sec,
elongation at 37°C for 15 min, inactivation at 85°C for 5 sec
and then cooled to 4°C. gPCR was performed using SYBR
Green Supermix (Bio-Rad Laboratories, Inc.) and the iCycler
iQ Real-Time PCR system (Bio-Rad Laboratories, Inc.) as
described previously (16). The thermocycling conditions were
as follows: 95°C for 10 min followed by 50 cycles of 95°C for
10 sec, 55°C for 10 sec, 72°C for 5 sec, 99°C for 1 sec, 59°C
for 15 sec, 95°C for 1 sec and then cooled to 40°C. Relative
mRNA expression was normalized to the endogenous control,
GAPDH, using the 224% method (17).

The primers used are as follows: Lymphoid enhancer
binding factor 1 (LEF-1; forward primer 5"TACGCTAAA
GGAGAGCGCAG-3' and reverse primer 5'-GCTGTCATT
CTGGGACCTGT-3"; GenBank accession no: NM 130429.1);
HNF1 homeobox A (TCF-1; forward primer 5-GAGCTGCCA
ACCAAAAAGGG-3' and reverse primer 5'-CCAGTTGTA
GACACGCACCT-3"; GenBank accession no: NM 012669.1);
and GAPDH (forward primer 5'-CATGAGAAGTATGAC
AACAGCCT-3" and reverse primer 5-AGTCCTTCCACG
ATACCAAAGT-3").

Terminal deoxynucleotidyl-transferase-mediated dUTP nick
end labeling (TUNEL). In the SCI model group, apoptotic cells
in the spinal cord were examined 7 days following SCI, while
the number of apoptotic cells in the Sal B group was evaluated
7 days post-administration of Sal B. Spinal cord tissue sections
(4 um thickness) were acquired following fixation using 10%
paraformaldehyde (Beijing Solarbio Science & Technology Co.,
Ltd.), dehydration using an alcohol series (xylene for 3 min;
absolute ethanol for 3 min; 95% ethanol for 3 min; and 85%
ethanol for 3 min), paraffin-embedding and serial sectioning.
Nuclear fragmentation was detected using TUNEL staining with
an In Situ Cell Death Detection kit (cat. no. 12156792910, Roche

Diagnostics), according to the supplier's instructions. Briefly,
the tissues were fixed with 4% paraformaldehyde for 30 min at
room temperature, followed by incubation with TUNEL buffer
for 1 h at 37°C. Following rinsing with PBS, the slides were
sealed with Glycerol Gelatin aqueous slide mounting medium
(cat. no. S2150-10 ml, Beijing Solarbio Science & Technology
Co., Ltd.). Then, the number of TUNEL-positive apoptotic cells
and the total number of cells in five different random high-power
fields were counted using a fluorescence microscope (Olympus
Corporation) at a magnification of x400. The nucleus was
stained with 0.5 yg/ml DAPI at room temperature for 10 min
for observing the total number of cells and the apoptotic cells
were stained with TUNEL. The percentage of apoptotic cells
was calculated as the ratio of the number of TUNEL-positive
cells to the total number of cells.

Immunofluorescence staining. The tissue samples were washed
three times in PBS for 5 min. Following three washes with
PBS for 5 min, the slides were blocked with 8% bovine serum
albumin (BSA; Sigma-Aldrich; Merck KGaA) at room tempera-
ture for 2 h. The coverslips were incubated with an antibody
against neuronal nuclei (1:80; cat. no. ab177487; NeuN; neuronal
marker; Abcam) or B-catenin (1:80; cat. no. ab32572; Abcam)
in a humidified chamber overnight at 4°C. Then, the slides were
washed with PBS three times and incubated with tetramethyl-
rhodamine-conjugated anti-rabbit immunoglobulin G (1:500;
cat. no. ZDR5209; Zhongshan Gold Bridge Biotechnology Co.,
Ltd.) and with DAPI (1:1,000; cat. no. CO060; Solarbio Science
& Technology Co., Ltd.) for 20 min at room temperature.
Following incubation with a secondary antibody, the slides were
washed three times with PBS in the dark, and coverslips were
mounted with mounting medium on coated glass slides. The
slides were sealed at room temperature for ~1 h in the dark then
the fluorescence intensity was examined using a fluorescence
microscope (magnification, x40).
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Figure 2. Sal B enhances motor neuron survival following SCI. (A) Nissl staining (blue) demonstrated that the number of motor neurons in the anterior
horn was significantly increased in the Sal B group. Magnification, x40. (B) Compared with SCI, SCI+Sal B group was found to increase the number of
NeuN-positive cells (green staining) in the spinal cord. Magnification, x40. “P<0.01 vs. the sham group; “P<0.05 vs. the SCI group. Sal B, salvianolic acid B;

SCI, spinal cord injury; NeuN, neuronal nuclei.

Nissl staining. Spinal cord tissue sections (4 ym thickness)
were stained with Nissl staining solution (cat. no. C0117,
Beyotime Institute of Biotechnology) at 37°C for 5 min. The
slides were then washed with ddH,O for twice for 5 sec.
Subsequently, the slides were rinsed with 95% ethanol and
then twice with 70% ethanol, following which mounting
medium (cat. no. ZLI-9552; Zhongshan Gold Bridge
Biotechnology Co., Ltd.) was added. Slides were observed
using a fluorescence microscope (magnification, x40), where
five separate fields of view were taken per slide. DAPI
staining was used to quantify the total number of cells per
field of view.

Statistical analysis. The data were analyzed using SPSS
software (version 13.0; SPSS, Inc.). The data are expressed
as the mean + standard error of the mean. The results were
analyzed using Student's t-test or one-way analysis of variance
followed by Tukey's honest significant difference test. P<0.05
was considered to indicate a statistically significant difference.

Results

Sal B treatment improves locomotor functional recovery
following SCI. The SCI rat model was successfully established

(Fig. 1A). To evaluate the protective role of Sal B on loco-
motor functional recovery following SCI, BBB scores were
determined. It was determined that the hindquarters of the
rats in the Sal B group and SCI+Sal B group were paralyzed
following SCI compared with that of the sham group (Fig. 1B).
Locomotion gradually improved between one and two weeks
following SCI. More importantly, Sal B treatment significantly
increased locomotor functional recovery in SCI rats compared
with PBS-treated SCI rats between three and eight weeks
following SCI (Fig. 1B).

Sal B enhances motor neuron survival following SCI. To
evaluate the effect of Sal B on motor neuron survival, Nissl
staining was carried out to evaluate the number of motor
neurons in the spinal cord anterior horn as well as the tissue
lesion in the spinal cord 14 days following SCI (Fig. 2A).
In contrast to that of sham group, the number of surviving
neurons were significantly decreased compared with that
of SCI and SCI+Sal B group (Fig. 2A). Compared with the
SCI group, the number of motor neurons in the anterior horn
was significantly increased in the Sal B group (Fig. 2A). In
addition, compared with the SCI group, Sal B was found to
significantly increase the number of NeuN-positive cells in
the spinal cord (Fig. 2B).
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Figure 3. Sal B enhances the activation of the Wnt/B-catenin signaling pathway following SCI. (A) Reverse transcription-quantitative PCR analysis determined
that SCI+Sal B group significantly enhanced the mRNA levels of LEF-1 and TCF-1. (B) Western blot analysis showed that SCI+Sal B group increased the
phosphorylation of GSK3f and the expression of $-catenin. (C) Immunofluorescence analysis showed the translocation of -catenin from cytoplasm to nucleus
in the spinal cord tissues of rats in SCI+Sal B group compared with the SCI group 2 weeks after SCI induction. Green represents 3-catenin staining, blue
represents nuclear staining. Magnification, x40. "P<0.001 vs. the sham group; “P<0.05 and *P<0.01 vs. the SCI group. Sal B, salvianolic acid B; SCI, spinal

cord injury; p, phosphorylated; GSK3f LEF-1; TCF-1.

Sal B enhances the activation of the Wnt/f3-catenin signaling
pathway following SCI. Next, investigation into whether Sal
B can activate the Wnt/B-catenin signaling pathway in spinal
cord tissues following SCI was performed. RT-qPCR analysis
showed that Sal B treatment significantly enhanced the mRNA
levels of LEF-1 and TCF-1 (Fig. 3A) compared to the SCI
group. Furthermore, phosphorylation of GSK3f at Ser9 was
assessed, which indicates a state of inactivation. The data
demonstrated that the phosphorylation of GSK3p was signifi-
cantly increased in the spinal cord tissues of rats treated with
Sal B rats 2 weeks following SCI compared to the SCI group
(Fig. 3B). Moreover, Sal B treatment enhanced the expression
of B-catenin compared to SCI group (Fig. 3B). In addition,
B-catenin translocated from the cytoplasm into the nucleus
in the spinal cord tissues of rats treated with Sal B 2 weeks
following SCI compared with the SCI group, suggesting that

Wnt/B-catenin signaling was activated (Fig. 3C). These results
suggested that Sal B treatment can activate Wnt/p3-catenin
signaling following SCI.

Sal B decreases neuronal apoptosis following SCI. Finally,
whether Sal B inhibits neuronal apoptosis in SCI rats was
explored. Western blot analysis determined that Sal B treat-
ment significantly decreased the expression of pro-apoptosis
proteins, including Bax, cleaved caspase-3/total-caspase-3
and cleaved caspase-9/total caspase-9, in spinal cord tissues
following SCI but enhanced the expression of Bcl-2, an
anti-apoptotic protein (Fig. 4A). Furthermore, TUNEL
staining demonstrated that, compared with vehicle treatment,
Sal B treatment decreased the number of TUNEL-positive
neurons (Fig. 4B). These observations indicated that Sal B
suppressed neuronal apoptosis in SCI rats.
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with SCI group, SCI+Sal B group decreased the number of TUNEL-positive neuron cells. Magnification, x40. "P<0.05 and ""P<0.001 vs. the sham group;
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Discussion

In the present study, it was demonstrated that Sal B enhanced
the phosphorylation of GSK3f and the expression of 3-catenin
in spinal cord neurons following SCI. Moreover, the number of
motor neurons and functional recovery was increased following
Sal B treatment, whilst the spinal cord lesion size was reduced

in SCI rats. In addition, Sal B suppressed neuronal apoptosis
following SCI. Taken together, these observations indicated
that the mechanism of Sal B neuroprotective effects of Sal B
may be via activation of the Wnt/f3-catenin signaling pathway.

In vivo studies have demonstrated that Sal B is protective
against cerebral ischemia and reperfusion, and SCI (18,19).
Sal B protects rats from SCI via reducing the inflammatory
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reaction and increasing blood supply to damaged tissues (10).
However, the specific mechanism underlying the effect of Sal
B on SCI remains unclear.

The present data demonstrated that Sal B increased the
number of motor neurons in the spinal cord anterior horn.
Meanwhile, the lesion size was reduced by Sal B treatment in
SCI rats. BBB scoring also determined that Sal B treatment
increased locomotor function following SCI. These findings
were consistent with the literature where the neuroprotective
role of Sal B following SCI was identified (11,13).

Previous studies have indicated that activation of the
Wnt/B-catenin signaling pathway serves a key role in functional
recovery and axonal regeneration following SCI (20,21). It has
been demonstrated that Wnt/f-catenin signaling activation
enhances neuronal survival, axonal guidance and neuropathic
pain remission (1,22). Therefore, determining how to properly
modulate the Wnt/B-catenin signaling pathway may shed light
on SCI treatment (23). In brief, $-catenin receives a signal
from membrane receptors then is transmitted to the nucleus,
where 3-catenin binds LEF/TCF transcription factors, thereby
activating target genes (24). In addition, f-catenin enhances
the regeneration of axons, suppresses apoptosis and improves
functional recovery following SCI (25). Thus, it has been
suggested that the Wnt/B-catenin signaling pathway may be a
major contributor to neuroprotection following SCI (22). Here,
the expression of [3-catenin was significantly increased by Sal
B treatment and was accompanied by the increased transcrip-
tion of LEF-1 and TCF-1. These findings suggested that the
Wnt/B-catenin signaling pathway is activated by Sal B and
indicated that it may be the mechanism underlying the action
of Sal B following its clinical application.

In addition, the effect of Sal B on neural cell apoptosis was
evaluated. Induction of cell apoptosis, which enhances the loss
of neurons and reduces neuronal functional recovery, has been
widely reported following SCI (26,27). In the present study,
western blot analysis determined that the expression levels of
Bax, cleaved caspase-3 and cleaved caspase-9 were increased
in spinal cord tissues following SCI but the expression of Bcl-2
decreased. By contrast, Sal B treatment reversed this effect.
Treatment with Sal B also decreased neuronal apoptosis
following SCI. These results demonstrated that the effect of
Sal B on neuronal apoptosis following SCI is partially medi-
ated by the Wnt/B-catenin signaling pathway.

Taken together, the present findings demonstrated that
Sal B was effective in the treatment of SCI and improved the
neurological function of rats therefore, is worthy of further
investigation. However, Sal B is characterized by multi-pathway
and multi-target pharmacological activity. Therefore, whether
Sal B has side effects on other organs such as cardiovascular,
cerebrovascular, liver and kidney, should be further explored
and may limit its application for SCI treatment. Further studies
are necessary to explore the various effects of Sal B on the Wnt
signaling pathway at different times following SCI in rats. In
addition, it is useful to explore the in-depth molecular mecha-
nism via both in vitro and in vivo experiments to support the
clinical application of Sal B.

In summary, the present study provided novel data demon-
strating the neuroprotective effect of Sal B following SCI and
determined that the underlying mechanism likely involved via
the Wnt/B-catenin signaling pathway. The present findings
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may shed finding on the clinical application of Sal B for future
SCI treatment.
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