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Salvianolic acid A attenuates early brain injury  
after subarachnoid hemorrhage in rats by  
regulating ERK/P38/Nrf2 signaling
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Abstract: Oxidative stress and inflammation play an important role in the pathogenesis of early brain injury (EBI) fol-
lowing subarachnoid hemorrhage (SAH). The present study aimed to evaluate the effect of salvianolic acid A (SalA) 
on EBI after SAH via its antioxidative, anti-inflammatory, and anti-apoptotic effects. The intraperitoneal administra-
tion of SalA (10 and 50 mg/kg/day) significantly alleviated EBI (including neurobehavioral deficits, brain edema, 
blood-brain barrier permeability, and cortical neuron apoptosis) after SAH in rats. SalA treatment also reduced the 
post-SAH elevated levels of reactive oxygen species level and malondialdehyde. Further, SalA increased glutathione 
peroxidase enzymatic activity and the concentrations of glutathione and brain-derived neurotrophic factor in brain 
cortex, at 24 h after SAH. In addition, SalA also decreased the release of inflammation cytokines (i.e., TNF-α, IL-1β, 
IL-6, and IL-8) in SAH rats. Expressions of cell apoptosis-related proteins were also regulated by SalA treatment in 
SAH rats. Meanwhile, SalA also modulated Nrf2 signaling, and the phosphorylation of ERK and P38 MAPK signaling 
in SAH rats. These results indicated that the administration of SalA may ameliorate EBI and provide neuroprotection 
after SAH in rat models.
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Introduction

Subarachnoid hemorrhage (SAH) is a disease 
with high disability and mortality rate. The most 
common cause of SAH is ruptured cerebral 
aneurysm [1, 2]. Approximately 30% of patients 
die within the first few days, while 10% die in 
the following days due to various complica-
tions. The overall mortality rate is more than 
50% [3]. SAH consists of 5-7% of total strokes 
and affects 10 per 100,000 adults each year. 
Most deaths occur in the early phase of initial 
bleeding, which results from the increased ICP 
or acute hydrocephalus [4]. SAH may induce 
early brain injury (EBI) and delayed brain injury, 
which can manifest as cerebral edema, intra-
cranial hypertension, cerebral infarction, neu-
rological disorders, and disturbances of con-
sciousness. These symptoms may result from 
inflammation, cerebral vasospasm, apoptosis, 
etc. [5-7]. Currently, however, the specific 

pathogenesis and treatment strategy for SAH 
remains poorly understood and thus, warrants 
further study.

Salvianolic acid A (SalA) is one of the major 
active components of Salviae Miltiorrhizae 
Bunge (Danshen in Chinese). Extensive studies 
have demonstrated the potent protective 
effects of SalA against ischemia-induced injury 
both in vitro and in vivo [8, 9]. SalA reportedly 
attenuates inflammation, apoptosis, and oxida-
tive stress, and decreases the expressions of 
AKT and NF-κB at the cellular level [10, 11]. 
However, there are only a few previous studies 
on the effects and molecular mechanisms of 
SalA on the blood-brain-barrier (BBB) and 
endogenous neurogenesis in ischemic stroke. 
The objective of the current study was to inves-
tigate the effects of SalA in EBI after SAH in 
rats. In particular, we aimed to elucidate wheth-
er treatment with SalA after SAH would protect 

http://www.ajtr.org


SalA attenuates EBI after SAH in rats

5644 Am J Transl Res 2017;9(12):5643-5652

rats against EBI and neuronal apoptosis, and 
elucidate possible underlying mechanism(s) of 
any actions.

Materials and methods

Animal model

The protocols involving animal use in the cur-
rent study were approved by the Institutional 
Animal Care and Use Committee of Mindong 
Hospital, which is affiliated with Fujian Medical 
University. Clean, adult male Sprague-Dawley 
rats, weighing 250-300 g, were obtained from 
Shanghai Laboratory Animal Center, Chinese 
Academy of Sciences. Animals were housed in 
a colony room under controlled temperature 
(22 °C), and a 12:12 light-dark cycle, with food 
and water available ad libitum. A rat model of 
SAH was induced by endovascular perforation, 
as described in a previous study [12], with 
minor modifications. Briefly, rats were anesthe-
tized with an intraperitoneal injection of chloral 
hydrate (300 mg/kg). Then, the right common 
carotid artery, external carotid artery, and inter-
nal carotid artery (ICA) were carefully exposed 
through a ventral midline neck incision, and a 
blunted 3-0 monofilament nylon suture was 
inserted into the ICA, until resistance was felt 
(approximately 18-20 mm from the common 
carotid bifurcation). The suture was carefully 
pushed approximately 3 mm further to perfo-
rate the artery wall to create a SAH. Sham-
operation rats were manipulated in the same 
manner without the perforation. 

Experimental groups

Rats were divided into four groups as follows: (i) 
sham operation group, which underwent sham 
operation and received vehicle; (ii) SAH group, 
which was subjected to SAH and received vehi-

Neurological scoring

Like in our previous study [13], behavioral activ-
ity was examined using three scoring systems 
(Table 1), at 48 h after SAH. Scoring was per-
formed to record appetite, activity, and neuro-
logical deficits by two “blinded” investigators; 
the sequence of testing for the given tasks was 
randomized. Neurological deficits of the experi-
mental animals were graded as follows: (i) no 
neurologic deficit (score = 0); (ii) suspicious or 
minimum neurologic deficit (score = 1); (iii) mild 
neurologic deficit (score = 2-3); and (iv), severe 
neurologic deficit (score = 4-6).

Assessment of brain edema

Rats were killed 24 h after SAH and the brains 
were extracted. Each rat brain was gently blot-
ted with filter paper and weighed on an elec-
tronic balance to obtain the wet weight (WW). 
The brain tissue was then dried for 24 h, at 100 
°C, in a vacuum oven, to obtain the dry weight 
(DW). The cerebral water content was calculat-
ed according to the following formulation: H2O 
(%) = (WW-DW)/WW × 100.

Measurement of BBB permeability

The Evans blue (EB) extravasation was mea-
sured to assess BBB permeability. EB dye (2% 
in saline) was injected into the left jugular vein 
23 h after SAH. Thereafter, the rats were trans-
cardially perfused with phosphate buffered 
saline (PBS) to remove the intravascular dye. 
The rat brains were then homogenized in a 
10-fold volume of 50% trichloroacetic acid 
solution to precipitate protein and centrifuged 
for 10 min at 3000 r/min. The supernatant was 
diluted with ethanol (1:3) and its fluorescence 
was measured at 610 nm to measure the 

Table 1. Behavior scores
Category Behavior Score
Appetite Finished meal 0

Left meal unfinished 1
Scarcely ate 2

Activity Active, walking, barking, or standing 0
Lying down, walk and stand with some stimulations 1
Almost always lying down 2

Deficits No deficits 0
Unstable walk 1
Impossible to walk and stand 2

cle; (iii) SalA 10 mg/kg group (SalA 
10), which was subjected to SAH 
and treated with SalA 10 mg/kg; 
and (iv) SalA 50 mg/kg group 
(SalA 50), which was subjected to 
SAH and treated with SalA 50 mg/
kg. For the vehicle control, the rats 
were treated with normal saline at 
the same volume as SalA. SalA 
(purity > 98%;) was purchased fr- 
om Shanghai Winherb Medical S & 
T Development Co., Ltd. (Shanghai, 
China).
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absorbance of EB. The results were expressed 
as micrograms per gram tissue.

TUNEL staining 

The terminal deoxynucleotidyl transferase (TdT) 
dUTP Nick-End Labeling (TUNEL) assay was 
performed according to a previous study [14]. 
Rats were anesthetized 48 h after SAH and 
perfused transcardially with 0.9% saline, fol-
lowed by 4% paraformaldehyde. Brains were 
removed and kept in 4% paraformaldehyde for 
6 h, before being immersed in 30% sucrose for 
3 days at 4°C. Brain sections (18 lm) were 
rinsed three times in PBS and blocked in 10% 
goat serum/PBS/0.1% Triton X-100 at room 
temperature for 2 h. 

Biochemical analysis

Brain tissues were prepared in phosphate buf-
fer (pH 7.4) to make 1:10 (w/v) homogenates. 
After centrifugation at 12,000 g for 20 min at 
4°C, the supernatants were collected for bio-
chemical analysis. The levels of malondialde-
hyde (MDA), glutathione (GSH), and glutathione 
peroxidase (GSH-Px) were determined using 
assay kits, which were purchased from Nanjing 
Jiancheng Biotech Ltd. (China). The values were 
normalized by the protein concentration of the 

sample, which was measured using a bicincho-
ninic acid (BCA) assay. The reactive oxygen spe-
cies (ROS) level in the brain homogenates was 
measured using 2’,7’-dichlorodihydrofluoresce-
in diacetate (Sigma, USA), as outlined in a previ-
ous study [14].

ELISA

Frozen brain tissue (200 mg) was homogenized, 
at 24 h after the induction of SAH, with a plastic 
homogenizer in cell lysis buffer containing 1 
mM phenylmethanesulfonylfluoride (PMSF), 20 
mM Tris pH 7.5, 150 mM NaCl, 1% Triton X-100, 
2.5 mM sodium pyrophosphate, 1 mM EDTA, 
1% Na3VO4, and 0.5 μg/ml leupeptin. Each 
sample was then centrifuged at 14,000 g for 
20 min at 4°C. The cytokine contents (i.e., TNF-
α, IL-1β, IL-6, and IL-8) in the brain tissue were 
measured using rat immunoassay enzyme-
linked immunosorbent assay (ELISA) kits 
(Boster Biological Technology, LTD, Wuhan, 
China), according to the manufacturer’s instruc-
tions. The results were expressed as picograms 
per milliliter homogenate.

Western blot

Total protein was extracted from the brain sam-
ples using a protein extraction kit (Beyotime 
Biotech. Co., China) according to the manufac-

Figure 1. (A) Schematic representation of the cortex sample area taken for the assay. Effect of salvianolic acid A 
(SalA) administration on (B-1) neurological scores, (B-2) brain water content of cerebral cortex, (B-3) Evans blue (EB) 
content as indices for BBB permeability, in the control group, subarachnoid hemorrhage (SAH), and SalA (10 and 
50 mg/kg)-treated SAH groups. Values represented as mean ± standard deviation (n = 6, each group). ##P<0.01 
compared to control group; **P<0.01 compared to SAH group.
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Figure 2. (A-1) Reactive oxygen species (ROS) production of cerebral cortex homogenate, (A-2) glutathione (GSH) concentration, (A-3) glutathione peroxidase (GSH-
Px) activities, (A-4) malondialdehyde (MDA) concentration of cerebral cortex in the sham-operated group, vehicle-treated, or salvianolic acid A (SalA)-treated sub-
arachnoid hemorrhage (SAH) group. (B) Inflammation cytokines (TNF-α, IL-1β, IL-6, and IL-8) were identified by ELISA. Values are represented as mean ± standard 
deviation (n = 6, each group). #P<0.05, ##P<0.01 compared to sham-operated group; *P<0.05, **P<0.01 compared to SAH group.
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turer’s instructions. Protein samples (50 μg) 
were separated using 10% SDS polyacrylamide 
gels and transferred to nitrocellulose mem-
branes. The membranes were respectively 
incubated at 4°C for 2 h with a mouse monoclo-
nal antibody against Nuclear factor E2 related 
factor 2 (Nrf2; 1:500, Abcam), HO-1 (1:200, 
Santa Cruz), NQO-1 (1:200, Santa Cruz), cas-
pase-3 (1:500, Abcam), caspase-9 (1:500, 
Abcam), Bax (1:500, Abcam), Bcl-2 (1:500, 
Abcam), extracellular signal regulated kinases 
(ERK) 1/2 (1:500, Abcam), c-Jun N-terminal 
kinase (JNK) 1/2 (1:500, Abcam), p38 (1:500, 
Abcam), or GAPDH (1:500, Abcam). The nitro-
cellulose membranes were incubated with 
horseradish peroxidase-conjugated secondary 
antibodies (1:3000, Zhongshan Biotechnology 
Co. LTD, Beijing) for 2 h at 25°C and developed 
with an enhanced chemiluminescence detec-
tion system. GAPDH was used as a loading  
control. The optical densities of protein bands 
were analyzed using Quantity One software 
(Bio-Rad).

Statistical analyses

Experimental data are presented as mean ± 
standard deviation (SD). Statistical analysis 

was performed using analysis of variance, fol-
lowed by a Bonferroni test, for the individual 
comparisons between group means (SPSS 
13.0 for Windows, USA). Statistical significance 
was set at P<0.05.

Results

Effect of SalA on neurological scores, brain 
edema, and BBB Permeability

When the rat brains were quickly removed 24 h 
after the SAH, subarachnoid blood clots were 
found on the ipsilateral side, around the circle 
of Willis, and within the ventral surface of the 
brain stem (Figure 1A). The neurological scores, 
which were significantly reduced at 24 h post-
SAH, were significantly improved by the SalA (at 
10 and 50 mg/kg) administration (P<0.01, 
Figure 1B-1). The elevation in the water content 
of the brain was elevated at 24 h post-SAH; this 
was attenuated by SalA (10 and 50 mg/kg; 
P<0.01, Figure 1B-2). Further, the obvious 
increase in EB content at 24 h post-SAH, was 
also significantly attenuated by the administra-
tion of SalA (10 and 50 mg/kg; P<0.01, Figure 
1B-3).

Figure 3. Representative confocal images show TUNEL staining of cerebral cortex in the control group, subarach-
noid hemorrhage (SAH) group, and salvianolic acid A (SalA; 10 and 50 mg/kg)-treated SAH groups. The control 
group shows almost no TUNEL-positive cells. There are numerous TUNEL-positive cells in the SAH group and fewer 
TUNEL-positive cells in the SalA-treated (10 and 50 mg/kg) SAH group. Scale bar is 100 lm.
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Effect of SalA on oxidative stress and expres-
sion of inflammatory cytokines

At 24 h post-SAH, compared to the control 
group, the ROS level of brain cortex homoge-
nate was significantly increased in the vehicle-
treated SAH group. However, compared with 
the vehicle-treated SAH group, the administra-

tion of SalA (10 and 50 mg/kg) significantly 
decreased the production of ROS in the brain 
cortex (P<0.01, Figure 2A-1). Further, the SAH 
significantly decreased the GSH concentration 
and GSH-Px enzyme activity in brain cortex, 
compared to that in the control group at 24 h. 
The GSH concentration and GSH-Px enzyme 
activity in the SalA (10 and 50 mg/kg)-treated 

Figure 4. Salvianolic acid A (SalA) regulates the protein expression of apoptosis-related proteins, Nrf2 signaling, 
and MAPK signaling. A: Representative protein bands of Bax, Bcl-2, caspase-3 and caspase-9 expression in control, 
subarachnoid hemorrhage (SAH), and SalA-treated (10 and 50 mg/kg) groups were detected by western blot. B: 
Representative protein bands of Nrf2, HO-1 and NQO-1 expression in control, SAH, and SalA-treated (10 and 50 mg/
kg) groups were detected by western blot. C: Representative protein bands of the proteins and the phosphorylation 
of the proteins in MAPK signaling in control, SAH, and SalA-treated (10 and 50 mg/kg) groups were detected by 
western blot. Values are represented as mean ± standard deviation (n = 5, each group). #P<0.05, ##P<0.01 com-
pared to sham-operated group; *P<0.05, **P<0.01 compared to SAH group.
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SAH groups, however, were significantly incre- 
ased compared with the vehicle-treated SAH 
group, at 24 h (P<0.05, Figure 2A-2 and 2A-3). 
Further, SAH significantly increased the con-
centration of MDA, i.e., an oxidative damage 
marker of lipids, in brain cortex, compared to 
the control group at 24 h. SalA (10 and 50 mg/
kg) treatment, however, significantly reversed 
this increase (P<0.05, Figure 2A-4).

Moreover, compared with the rats in the sham-
operation group, the SAH increased the expres-
sion of inflammatory cytokines (i.e., TNF-α, 
IL-1β, IL-6, and IL-8) in the rat brain (P<0.01). 
SalA (10 and 50 mg/kg) significantly downregu-
lated the release of TNF-α, IL-1β, IL-6 and IL-8 in 
rats with a SAH (P<0.05, Figure 2B).

Inhibition of cortical apoptosis after SAH by 
SalA

We assessed the brain cortex in each group 
using TUNEL to determine whether SalA pre-
vents cortical apoptosis. Compared with the 
sham-operated group, numerous TUNEL-posi- 
tive cells were observed in brain cortex of rats 
in the vehicle-treated SAH group (Figure 3). 
However, SalA treatment (10 and 50 mg/kg) 
significantly reduced increase in TUNEL-positive 
cells in the rats in the SalA-treated SAH groups, 
compared with that in the vehicle-treated SAH 
group (Figure 3).

Effect of SalA on the expression of apoptosis-
related proteins and Nrf2 signaling

The protein expression of caspase-3, caspase- 
9, and Bax/Bcl-2 was measured using western 
blot analysis. As shown in Figure 4A, a steep 
increase in the activities of caspase-3 and cas-
pase-9 was observed in the brain cortex of rats 
that underwent a SAH. The increased activa-
tion of caspase-9 indicated that a SAH can initi-
ate apoptosis, mediated by mitochondria and/
or death receptors. However, the SalA (10 and 
50 μM) treatment dramatically suppressed the 
activation of caspase-3 and caspase-9 induced 
by SAH, in a dose-dependent manner. In addi-
tion, compared to the control, the SAH also 
notably increased the expression of Bax/Bcl-2 
(Figure 4A). The SalA (10 and 50 μM), however, 
suppressed this increase. In conclusion, the 
results demonstrated that SalA was an effec-
tive inhibitor of SAH-induced apoptosis in the 
brain cortex of rats. The decreased expression 

of Nrf2 and its downstream targets (HO-1 and 
NQO-1) in rats that underwent a SAH, was sig-
nificantly mitigated with SalA (10 and 50 μM) 
treatment (Figure 4B).

Effect of SalA on mitogen-activated protein 
kinase (MAPK) signaling 

Next, we used a western blot to detect the pro-
tective effect of SalA on the phosphorylation of 
ERK1/2, P38, and JNK1/2, to determine the 
protective effect of SalA against oxidative dam-
age via MAPK signaling. As shown in Figure 4C, 
the SAH increased the phosphorylation of p38 
MAPK and decreased the phosphorylation of 
ERK; these changes were reversed by the SalA 
treatment. Although the phosphorylation of 
JNK was also increased in the SAH group, the 
SalA treatment had no effect on the phosphory-
lation of JNK.

Discussion

The current study demonstrated that the intra-
peritoneal administration of SalA (10 and 50 
mg/kg/day) was protective for EBI following 
SAH, at least partly through its antioxidative, 
anti-inflammatory, and antiapoptotic effects. 
The evidence that led to this conclusion is as 
follows: SalA significantly improved neurologi-
cal deficits, ameliorated brain edema and BBB 
permeability, inhibited inflammation factors, 
and suppressed oxidative stress and cortical 
neuron apoptosis, at 48 h after a SAH in a rat 
model. Further, SalA significantly decreased 
the SAH-induced formation of MDA and ROS, 
and increased the GSH concentration and 
GSH-Px activities. These findings suggested 
that treatment with SalA may provide an effec-
tive method for protecting the brain against EBI 
following SAH in rats.

The key pathological processes that underlie 
EBI after SAH include neuron cell necrosis, BBB 
damage, and brain edema [15]. These patho-
logical processes significantly contribute to the 
inflammatory reaction and oxidative stress of 
the pressure, which forms after a SAH. The 
increase in ROS in EBI after SAH can cause 
neuronal necrosis and destroy the BBB. The 
destruction of the BBB and inflammation tends 
to cause vasogenic cerebral edema, which ulti-
mately leads to neurological deterioration. The 
increased pressure due to brain edema is one 
of the primary reasons for neurological deterio-
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ration, while neurological changes after SAH 
are the secondary pathological process. In the 
current study, the brain water content was 
detected using the wet method. The results 
showed a significant increase in brain tissue 
water content in 24 h after SAH. SalA, however, 
significantly reduced cerebral edema. Further, 
the SAH increased ROS and MDA content and 
decreased GSH and GSH-Px; these changes 
were reversed by SalA treatment. These find-
ings indicated that SalA reduced EBI after SAH, 
by inhibiting the inflammatory response, lipid 
peroxidation, and BBB damage.

The MDA content, which reflects lipid peroxida-
tion [16, 17], was significantly increased by the 
SAH in rats. This was indicative of the presence 
of oxidative stress damage due to SAH. Our 
results demonstrated that SalA reduced the 
content of MDA in rat model of SAH. Thus, the 
potential neuroprotective effect of SalA may 
be, at least partially, related to its inhibition of 
oxidative stress. Nrf2 plays a role in regulating 
antioxidants during EBI after a SAH [18, 19]. 
The activation of Nrf2 signaling pathways acti-
vate the antioxidant signaling pathway to 
reduce the oxidative stress effect of brain tis-
sue and BBB during EBI [20]. SalA activates the 
Nrf2 signaling pathway to reduce the pressure 
of liver oxidative stress [21-23]. In the current 
study, the expression of Nrf2 protein was sig-
nificantly decreased at 24 h after SAH. The 
SalA treatment, however, increased the expres-
sion of Nrf2. This indicated that SalA relieved 
lipid peroxidation and possibly restored the 
BBB function, by activating Nrf2 antioxidant-
associated signaling pathways. A previous 
study also reported that SalA alleviated isch-
emic brain injury through the inhibition of 
inflammation of neurogenesis in mice [24-26]. 
In our study, we found that SalA also showed an 
anti-inflammatory effect against EBI after SAH 
in rats. The SAH-induced increase of pro-inflam-
mation cytokines, such as TNF-α, IL-1β, IL-6, 
and IL-8, was significantly reversed by SalA.

The MAPK signaling system, which is composed 
of ERK, JNK, and p38 MAPK [25, 26], up-regu-
lates Nrf2 signaling. Generally, p38 MAPK and 
JNK pathways can be activated by genotoxic 
agents and cytokine-mediating stress respon- 
se, causing growth inhibition and apoptosis in 
cells. Cell apoptosis is closely associated with 
the activation of JNK and p38 MAPK signaling 
pathways and inactivation of the ERK signaling 

pathway, which is characterized by increased 
protein phosphorylation of p38 MAPK and/or 
JNK, and/or decreased protein phosphoryla-
tion of ERK [26, 27]. Therefore, we detected 
their phosphorylation levels using western blot 
analysis. SAH increased the phosphorylation of 
p38 MAPK and decreased the phosphorylation 
of ERK. These changes were reversed by SalA 
treatment. JNK phosphorylation was also in- 
creased in SAH group. However, the SalA treat-
ment had no effect on the phosphorylation of 
JNK. This indicated that SalA attenuated EBI 
following SAH by regulating MAPK signaling 
(except the JNK signaling pathway). 

In conclusion, this study indicated that intra-
peritoneal administration of SalA (10 and 50 
mg/kg/day) confers protection against SAH-
induced EBI in rats through the inhibition of oxi-
dative stress and inflammation, and the promo-
tion of BDNF production in vivo. The SAH treat-
ment improved the neurobehavioral deficit, 
attenuated brain edema and BBB permeability, 
and reduced oxidative stress and cortical apop-
tosis. These finding suggested that SAH could 
be a potential candidate treatment for EBI after 
SAH.
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