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Abstract. Vascular remodeling and neuroprotection are 
two major adaptable methods for treating ischemic stroke. 
Edaravone is a protective agent for the treatment of stroke and 
was used as a positive control in the present study. Sodium 
tanshinone IIA sulfonate (STS) has demonstrated thera‑
peutic clinical effects in cerebral infarction in China, while 
its mechanisms of action in ischemic stroke have remained 
elusive. The angiogenesis and neuroprotective effects of STS 
were evaluated in a rat model induced by middle cerebral 
artery occlusion and 3 days of reperfusion. When used at the 
same dose, the magnitude of the therapeutic effect of STS was 
similar to that of edaravone in terms of decreased blood‑brain 
barrier damage as indicated by reduced Evans blue leakage, 
improved neurological deficits, alleviated cerebral edema 
and inhibition of histopathological changes caused by isch‑
emia/reperfusion. The TUNEL assay demonstrated that the 
ability of STS to inhibit neuronal apoptosis was equivalent to 
that of edaravone. Immunofluorescence detection of CD31 and 
α‑smooth muscle actin indicated that the vascular density was 
significantly reduced in the vehicle group compared with that 
in the sham operation group, STS increased the microvessel 
density in the ischemic area. Furthermore, in the vehicle group 
the protein expression of vascular endothelial growth factor 
(VEGF) and VEGF receptor 2 (VEGFR) as determined by 
fluorescence microscopy and immunohistochemistry was 
significantly reduced compared with that in the sham group. 

However, STS promoted their expression compared to the 
vehicle group respectively, and increaed the mRNA expression 
of VEGF, VEGFR, CD31 and angiopoietin‑1 as determined by 
reverse transcription‑quantitative PCR, but these changes were 
not significant or not present for edaravone apart from Ang‑1. 
In conclusion, STS protected against ischemic brain injury 
by promoting angiogenesis in ischemic areas and inhibiting 
neuronal apoptosis. These results provide a potential treatment 
for stroke recovery.

Introduction

Stroke ranks fifth among all causes of human death and 
most patients have a stroke survive with serious long‑term 
disability (1,2). Ischemic stroke caused by blocked blood supply 
is observed in ~87% of all patients with stroke. At present, 
thrombolytic therapy with recombinant tissue plasminogen 
activator is recommended by guidelines for the treatment of 
grade A stroke in numerous countries. However, the effective‑
ness of this therapy depends on the limited time window of 
stroke symptoms. Currently, post stroke rehabilitation is still 
an effective way to treat stroke (3). Thus, restoring blood flow 
and recovering injured neurons are considered to be crucial 
methods for the treatment of stroke.

Sodium tanshinone IIA sulfonate (STS) is a water‑soluble 
substance obtained by sulfonating the diterpenoid quinone 
compound tanshinone IIA, which is isolated from 
Salvia miltiorrhiza, a plant of the Labiatae family (4). 
Tanshinone IIA has poor water solubility; therefore, STS was 
developed to increase bioavailability and has been success‑
fully used to treat patients with cardiovascular diseases, 
cerebrovascular disease and nervous system diseases such 
as Alzheimer's disease and cerebral ischemia (5‑7). STS may 
improve myocardial injury mainly by inhibiting oxidative 
stress (8), inhibiting inflammatory actions (9) and promoting 
angiogenesis (10). Studies have indicated that STS protects 
against brain injury, promotes nerve regeneration (11) and 
ameliorates blood‑brain barrier (BBB) damage caused by 
ischemia (12). STS is able to promote the integrity (13) and 
angiogenesis of vascular endothelial cells (14). However, it 
has remained elusive whether STS has an effect on promoting 
angiogenesis in cerebral ischemic injury.
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After stroke, nerve cells in the ischemic penumbra are 
impaired but they are still able to survive for a short duration, 
which is a reversible state (15,16). The survival and func‑
tional recovery of brain tissue after ischemic stroke depends 
on cerebral ischemic reperfusion and the establishment of a 
functional collateral circulation (13). Extensive experimenta‑
tion has proven that the angiogenic response has an important 
role in the recovery of neurological function in the delayed 
phases of stroke disease (17,18). Angiogenesis may improve 
tissue microperfusion in ischemic boundary regions and 
reduce infarct volumes (19,20). Studies have revealed that 
angiogenesis not only provides a sufficient supply of oxygen 
and nutrients for the repair of neurons, but also offers a favor‑
able microenvironment for neuron regeneration after brain 
damage (21). These features are beneficial for long‑term func‑
tional recovery. Therefore, enhancement of angiogenesis is one 
of the strategies for facilitating functional recovery from acute 
injury to delayed repair period (22).

Vascular endothelial growth factor (VEGF) represents one 
of the most important modulators in promoting postischemia 
neurovascular remodeling (23,24). Ischemia stimulates VEGF 
expression in the brain (25), thereby promoting the formation 
of new cerebral blood vessels (26). VEGF may exert mitogenic 
and antiapoptotic effects on endothelial cells, which increase 
vascular permeability and promote cell migration (27). VEGF 
exerts its biological functions through two closely related 
tyrosine kinase receptors, VEGF receptor (VEGFR)1 and 
VEGFR2 (28). Previous studies have indicated that VEGF has 
a significant role in promoting postischemia neurovascular 
recovery by regulating VEGFR2 signaling (23). Angiopoietin‑1 
(Ang‑1) is also an important factor in promoting angiogenesis. 
It has been suggested that Ang‑1 may enhance the effects of 
other angiogenic cytokines and maintain the integrity of the 
neovascularization structure (29).

In the present study, the protective effects of STS on middle 
cerebral artery occlusion reperfusion injury and angiogenesis 
were investigated in Sprague Dawley (SD) rats and edaravone 
was used as a positive control. Furthermore, the mechanisms 
by which STS promotes angiogenesis in brain tissue was 
preliminarily explored.

Materials and methods

Animals. A total of 92 adult male SD rats (7‑8 weeks, 280‑320 g) 
were purchased from Sino‑British SIPPR/BK Lab. Animal Co., 
Ltd.. The rats were individually caged in a climate‑controlled 
room (20‑26˚C, relative humidity of 40‑70%) and maintained 
on a 12‑h light/dark cycle, and they were allowed free access to 
water and food. All of the animal experiments were approved 
by the Ethics Committee of the animal experiment center 
of Shanghai University of Traditional Chinese Medicine 
(no. PZSHUTCM19010411) and experiments were performed 
in accordance with the guidelines of the regulation for the 
administration of affairs concerning experimental animals of 
China enacted in 1988. All efforts were made to minimize the 
number of animals experiencing stress and pain.

The rats were randomly assigned to four groups containing 
20 animals each: i) Sham group (treated with saline); ii) vehicle 
group [middle cerebral artery occlusion (MCAO)/reperfusion 
model treated with saline]; iii) STS group (MCAO/reperfusion 

model treated with STS); and iv) positive control group 
(MCAO/reperfusion model treated with edaravone). STS was 
purchased from Xi'an Tongze Biotechnology Co., Ltd. and edar‑
avone was obtained from Zhejiang Shengtong Biotechnology 
Co., Ltd.. Different concentrations of STS and edaravone 
(4 animals each dose) were screened as follows: STS [5, 15 or 
30 mg/kg body weight dose selection was based on previous 
references (30,31)] and edaravone (5 or 30 mg/kg body weight 
dose selection was based on the maximum and minimum doses 
of STS) dissolved in saline was intraperitoneally injected 2 h 
after reperfusion and then once a day for 3 days.

MCAO and reperfusion in rats. All SD rats were anesthetized 
with isoflurane prior to the experiments (3% of induction dose 
and 2.5% of maintenance dose). Focal ischemic infarction 
was induced by occlusion of the left MCA as described previ‑
ously (32). In brief, an incision was performed in the midline 
of the rat neck to isolate the common carotid artery, external 
carotid artery and internal carotid artery. The common carotid 
artery and the external carotid artery were then ligated with a 
4‑0 nonabsorbent suture and a monofilament nylon suture was 
inserted from the common carotid artery to block the blood 
flow of the middle cerebral artery. Subsequently, the skin inci‑
sion was closed and the anesthesia was stopped. After ischemia 
for 2 h, the nylon suture on the carotid arteries was removed and 
the rats were returned to their cages to allow blood reperfusion 
for 72 h. During the whole operation, the rats were kept in a 
37˚C environment. After the skin incision was closed, the anes‑
thesia was stopped and the rats were returned to their cages. 
The mental status of rats was closely observed by the experi‑
menter on the cage‑side once a day during the experimental 
period, and euthanasia was performed when the rats developed 
soft paralysis of the limbs with no spontaneous activity. This 
only occurred in a few rats, and the rats without the aforemen‑
tioned conditions were used for subsequent experiments and 
the brain tissues were harvested after anesthesia at the end of 
the experiment. The sham operation group of rats received the 
same operation except for nylon suture insertion.

Staining of infarcted brain tissues. On the third day after the 
operation, rats were anesthetized with 2.5% isoflurane and 
the brain was removed for 2,3,5‑triphenyltetrazolium chloride 
(TTC) staining (four rats for each group). The brain tissues 
were sliced into 1.0 mm‑thick coronal sections, incubated in 
2% TTC solution (Sigma‑Aldrich; Merck KGaA) for 15 min 
at 37˚C and then fixed in 4% paraformaldehyde for 3 min. The 
red area represented normal brain tissue and the white area 
represented infarct tissue. The infarction area was calculated 
in a blinded manner with the PhotoShop CS6 (13.0) analysis 
system (Adobe®). The results are expressed as the percentage 
of infarcted area/total brain tissue area in the coronal sections.

Neurological testing. Neurobehavioral function assessments 
were performed on the third day after MCAO/reperfusion 
according to a previous protocol by Longa et al (33). The 
standard of the assessment was as follows: 0, no neurological 
functional impairment; 1, failure to extend the contralateral 
forelimb; 2, circling to the contralateral side; 3, contralateral 
toppling of walking due to brain injury; and 4, no spontaneous 
walking and exhibition of a depressed level of consciousness. 
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The testing was performed in a blinded manner regarding the 
group identity and there were four rats in each group.

BBB permeability. Evans Blue was injected to evaluate BBB 
permeability (four rats for each group). In brief, after 3 days of 
MCAO/reperfusion, the animals were injected with 2% Evans 
blue solution (4 ml/kg body weight) through the tail vein. The 
circulation time (2, 4 and 24 h) of Evans blue solution was 
first screened and 2 h of circulation was used in the present 
study (34,35). Subsequently, the rats were anesthetized with 
3% isoflurane and treated with 150 ml of PBS for transcardial 
perfusion. and the brain was removed to separate the ischemic 
hemisphere. The brain tissue was then homogenized in 2 ml 
DMSO and incubated at 50˚C for 2 h, followed by centrifu‑
gation (10,000 x g) at 4C for 30 min. The supernatant was 
collected and the absorbance was recorded at 620 nm using a 
microplate reader (1510; Thermo Fisher Scientific, Inc.).

Brain edema. Brain tissues were collected on the third day 
after MCAO/reperfusion and the olfactory bulb and the tissue 
at 2 mm in front of the frontal pole were discarded. The 
remaining brain tissue was cut into slices of 2 mm thickness 
for brain water content determination (four rats for each group).

The specific method was as follows: A piece of aluminum 
foil was weighed to determine its mass (mA), the brain tissue 
was placed on the aluminum foil to measure the total weight 
(mB) and the wet weight (WW) was calculated as (mB‑mA). 
The brain tissue was then wrapped loosely with aluminum 
foil and placed in a constant‑temperature oven at 110˚C for 
12 h (36). After the tested brain tissue was returned to room 
temperature, its weight (mC) was determined to calculate the 
dry weight (DW). The formula for calculating the water content 
of brain tissue was as follows: (WW‑DW)/WW x100%.

Histological analysis. After 3 days of MCAO/reperfusion, the 
rats were placed in the supine position after anesthesia with 3% 
isoflurane and perfused with 60 ml of 4% paraformaldehyde 
for 5 min after perfusion 150 ml of PBS (pH 7.4) for 10 min 
and then the brain was rapidly removed. The intact brain tissue 
was fixed in 4% paraformaldehyde at room temperature for 
48 h, embedded in paraffin and cut into 5‑µm coronal sections. 
The sections were stained with H&E (three rats for each 
group). The histological features of the cerebral cortex and the 
striatum were observed under a light microscope (Olympus 
Corporation).

Immunofluorescence staining. Paraffin brain sections were 
prepared for immunofluorescence staining. The immunos‑
taining procedure was performed as previously described (37). 
Briefly, deparaffinize and rehydrate: incubate sections in 3 
changes of xylene, 10 min each. Dehydrate in 2 changes of 
pure ethanol for 5 min, followed by dehydrate in gradient 
ethanol of 85 and 75% ethanol, respectively, 5 min each. 
Wash in distilled water. Antigen retrieval: immerse the 
slides in EDTA antigen retrieval buffer (Wuhan Servicebio 
Technology Co., Ltd.) and maintain at a boiling water for 
35 min. Let air cooling. Wash three times with PBS (pH 7.4) 
in a Rocker device, 5 min each. and blocked with 10% goat 
serum (Beyotime Biotechnology Co., Ltd.) at room tempera‑
ture for 15 min. Sections were first incubated with antibodies 

to CD31 (1:150 dilution; cat. no. GB12063; Wuhan Servicebio 
Technology Co., Ltd.) and α‑smooth muscle actin (SMA; 1:150 
dilution; cat. no. GB111364; Wuhan Servicebio Technology 
Co., Ltd.) as indicators of vascular density (three rats for each 
group), VEGF (1:150 dilution; sc‑7269; Santa) as an indicator 
of angiogenesis and neuronal nuclear protein (NeuN; 1:150 
dilution; ab177417; Abcam) to visualize mature neurons, 
overnight at 4˚C. Subsequently, the sections were incubated 
with a suitable secondary antibody (anti‑mouse IgG Alexa 
Flour® 488 Conjugate; cat. no. 4408; CST; 1:200 dilution and 
Cy™3‑conjugated Affinipure Donkey anti‑rabbit IgG; 152679; 
Jackson Immuno Research; 1:350 dilution). Cell nuclei were 
stained with DAPI. The paraffin sections were imaged with 
a Nikon fluorescence microscope (Olympus Corporation) and 
images were quantified with ImageJ software1.50i (NIH). All 
evaluations were performed by an investigator blinded to the 
experiment (five rats for each group).

TUNEL staining. TUNEL staining of paraffin sections of brain 
tissues was used to detect apoptotic cell death based on DNA 
fragmentation. TUNEL assays were performed according to 
the manufacturer's protocol (Roche Diagnostics). Slides were 
then counterstained with DAPI. The paraffin sections were 
imaged using a Nikon fluorescence microscope (Olympus 
Corporation) and images were quantitatively evaluated with 
ImageJ software1.50i [National Institutes of Health (NIH)]. 
Counting was performed in a blinded manner and there were 
five rats for each group.

Immunohistochemical staining. Paraffinized brain sections 
were dewaxed and dehydrated in xylene and ethanol solu‑
tion, followed by antigen retrieval and blocking with 10% 
goat serum (Beyotime Biotechnology Co., Ltd.) at room 
temperature for 15 min. All sections were then incubated with 
anti‑VEGFR2 antibody (1:800 dilution; cat. no. 9698S; Cell 
Signaling Technology, Inc.) at 4˚C overnight. Subsequently, the 
sections were washed in PBS three times and incubated with 
Horseradish peroxidase (HRP)‑conjugated goat anti‑rabbit 
IgG secondary antibodies (1:200 dilution; GB23303; Wuhan 
Servicebio Technology Co., Ltd.) for 10 min at room 
temperature. Next, the sections were visualized using a diami‑
nobenzidine kit (Wuhan Servicebio Technology Co., Ltd.) and 
counterstained with hematoxylin. With a light microscope, 
an investigator blinded to the experimental groups randomly 
chose three separate tissue sections for each rat (four rats for 
each group). The staining was analyzed using ImageJ analysis 
software1.50i (NIH).

Reverse transcription‑quantitative (RT‑q)PCR. Brain tissues 
from the penumbra were separated and total RNA was extracted 
using TRIzol® reagent (CWBIO). Subsequently, the RNA was 
reverse transcribed to cDNA with a PrimeScript RT Reagent 
Kit (Takara Bio, Inc.) according to the manufacturer's instruc‑
tions. cDNA was amplified with SYBR®‑Green Real‑time 
PCR Master Mix (Takara Bio, Inc.) according to the manufac‑
turer's instructions by RT‑qPCR machine (QuantStudio 6 Flex, 
Thermo Fisher Scientific, Inc.). The following gene‑specific 
primers: VEGF‑A [forward (F), 5'‑CGA CAG AAG GGG AGC 
AGA AAG‑3' and reverse (R), 5'‑GCA CTC CAG GGC TTC ATC 
ATT‑3'], Ang‑1 (F, 5'‑GTC ACT GCA CAA AAG GGA CA‑3' 
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and R, 5'‑GGC TTA CAA GGA TGG CGT TA‑3'), VEGFR‑2 (F, 
5'‑TAG CAC GAC AGA GAC TGT GAG G‑3' and R, 5'‑TGA GG 
TGA GAG AGA TGG GTA GG‑3'), CD31 (F, 5'‑TTT CGC TGC 
CAA GCT GGC GT‑3' and R, 5'‑CCA CCT GCA CGC TGC ACT 
TGA T‑3'), β‑actin (F, 5'‑GGG ACC TGA CTG ACT ACC TC‑3' 
and R, 5'‑TCA TAC TCC TGC TTG CTG AT‑3') and basic fibro‑
blast growth factor (bFGF) (F, 5'‑GAG CGA CCC ACA CGT 
CAA ACT AC‑3' and R, 5'‑CAG CCG TCC ATC TTC CTT CAT 
AGC‑3'). The following thermocycling conditions were used 
for qPCR: Initial denaturation at 95˚C for 30 sec, denaturation 
(40 cycles) at 95˚C for 5 sec, annealing/extending (40 cycles) 
at 60˚C for 30 sec. Melt curve at 95˚C for 15 sec, at 60˚C for 
1 min and at 95˚C for 15 sec. β‑actin was used as a reference in 
the experiment. Relative mRNA expression was normalized to 
β‑actin levels and analyzed with the 2‑ΔΔCq method (38). Three 
rats were used for each group.

Statistical analysis. The neurological score data were presented 
as the median and interquartile range and data were analyzed 
with the Kruskal‑Wallis test followed by Dunn's post‑hoc test. 
All other data were expressed as the mean ± standard deviation 
and differences between groups were compared by one‑way 
ANOVA followed by Bonferroni's multiple‑comparisons test. 
GraphPad 7.0 (GraphPad Software, Inc.) was used for all 
statistical analyses. *P<0.05, **P<0.01, ***P<0.001; #P<0.05, 
##P<0.01, ###P<0.001; &&P<0.01, &&&P<0.001 indicates a signifi‑
cant difference. * Indicates compared with the vehicle group, 
# indicates compared with the control group. & indicates the 
STS group compared with the control group.

Results

STS decreases infarct size and neurological deficit scores. 
Cerebral ischemia injury was evaluated by neurological func‑
tion scores and measurement of infarct size in rats. After 
3 days of MCAO/reperfusion, the infarct area was assessed by 
TTC staining. The infarct area significantly increased in the 
vehicle group compared with the sham group. Compared with 
that in the vehicle group, the infarct area in the STS treatment 
group (30 mg/kg) and the edaravone group (30 mg/kg) was 
significantly reduced (Fig. 1A and B). The assessment of neuro‑
logical deficits was determined. The rats in the sham‑operated 
group had no neurological deficit. Conversely, the neurological 
deficit scores of the vehicle rats significantly increased. STS 
significantly ameliorated neurological function deficits at the 
dose of 30 mg/kg at 3 days after surgery, as did edaravone 
(30 mg/kg) (Fig. 1C). The above results indicated that the 
same dose of STS as that of edaravone (30 mg/kg) reduced 
cerebral infarction and improved neurological function. Thus, 
in subsequent experiments, STS and edaravone were used for 
further study at a dose of 30 mg/kg.

STS preserves the integrity of the BBB and reduces brain 
edema. To investigate whether STS has a protective effect on 
the BBB, the extent of BBB disruption was detected by leakage 
of Evans blue in the ipsilateral hemispheres after cerebral isch‑
emia. After 3 days of MCAO/reperfusion, in the vehicle group, 
the BBB integrity was significantly decreased compared with 
the sham group. The BBB integrity in the STS (30 mg/kg) 
and edaravone (30 mg/kg) groups was significantly improved 

compared with that in the vehicle group (Fig. 1D and E). The 
therapeutic effect of STS on the MCAO/reperfusion model was 
also determined by the content of brain edema. The cerebral 
edema content of the vehicle group was significantly increased 
after injury compared with that in the sham group, while that 
in the STS (30 mg/kg) and edaravone (30 mg/kg) groups was 
significantly reduced compared with that in the vehicle group 
(Fig. 1F). These results indicated that STS attenuated patho‑
logical changes caused by cerebral ischemia.

Histopathological changes associated with STS treatment. To 
further verify the protective effects of STS on the MCAO/reper‑
fusion model, morphological changes were observed by H&E 
staining after 3 days of MCAO/reperfusion. The brain tissue 
was observed under a light microscope (Fig. 2). In the sham 
group, the structure of the brain tissue was clear and intact 
with no obvious pathological changes. The neurons in the 
cortex and striatum were clear and arranged in order. No cell 
structure damage was observed and no cytoplasmic vacuoles 
were detected. By contrast, the brain pathological structure 
was significantly changed in the vehicle group. The specific 
histopathological observations were as follows: The structure 
of the brain tissue was loose and numerous vacuoles in the 
cortex and striatum were present. Compared with that in the 
sham group, the cell morphology was irregular and the cell 
number was markedly decreased. In the STS (30 mg/kg) and 
edaravone (30 mg/kg) groups, the pathological changes in the 
cortex and striatum were significantly alleviated. The loos‑
ening of the tissue structure, shrinkage and cavitation of cells 
were obviously reversed in the cortex and striatum and the 
number of remaining cells was markedly increased compared 
with the vehicle group. Thus, STS had an effect to improve the 
pathology of cerebral ischemia/reperfusion injury similar to 
that of edaravone.

STS inhibits apoptotic cell death. To investigate the neuropro‑
tective effects of STS against cerebral ischemia/reperfusion 
injury through inhibiting apoptotic cell death, NeuN protein, 
representing neurons in brain tissue, was labeled with fluores‑
cent antibodies (Fig. 3A) and TUNEL staining was performed 
to detect apoptotic cell death in the penumbra area (Fig. 3B). 
As presented in Fig. 3A and C, numerous neurons were lost 
in the vehicle‑treated brain sections compared with the sham 
group, while the survival rate of the cells in the STS (30 mg/kg) 
and edaravone (30 mg/kg) groups was significantly higher 
than that in the vehicle group. As presented in Fig. 3B and D, 
there was significant apoptosis in the vehicle compared with 
the sham group. The number of apoptotic cells in the STS 
(30 mg/kg) and edaravone (30 mg/kg) groups was significantly 
reduced compared with that in the vehicle group.

STS enhances vascular density in the penumbra. Angiogenesis 
has an important role in ischemic stroke‑induced brain injury 
repair and long‑term functional recovery (39,40). Thus, in the 
present study, to evaluate whether STS promotes vascular 
density in the penumbra after 3 days of ischemia/reperfu‑
sion, the expression of the endothelial cell marker CD31 and 
vascular smooth muscle cell marker α‑SMA was examined via 
immunofluorescence (Fig. 4). The vascular density was signifi‑
cantly reduced in the vehicle group compared with that in the 
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sham operation group, while in the STS (30 mg/kg) group, 
the vascular density was significantly increased compared 
with that in the vehicle group. However, edaravone treatment 

(30 mg/kg) resulted in no significant change in vascular 
density. The above results indicated that STS was able to 
promote angiogenesis in the penumbra after cerebral ischemia.

Figure 1. STS decreases the infarction area and neurological deficit scores, ameliorates the integrity of the blood‑brain barrier and reduces brain edema 3 days 
after ischemia/reperfusion injury. (A) Representative images of 2,3,5‑triphenyltetrazolium chloride staining of brain sections. (B) Quantified infarction area in 
the brain (%). (C) Neurological deficit score in the different groups. (D) Representative images of brains following Evans blue injection in the Sham, Vehicle, 
STS‑30 mg/kg and Edaravone‑30 mg/kg groups. (E) Absorbance values of Evans blue leakage (OD620). (F) Brain water content in the different groups (%). 
Values are expressed as the mean ± standard deviation (n=4 per group). ***P<0.001, **P<0.01 and *P<0.05 compared with the vehicle group; and ###P<0.001 
compared with the sham group according to one‑way ANOVA followed by Bonferroni's multiple‑comparisons test. OD620, optical density at 620 nm; STS, 
sodium tanshinone IIA sulfonate.
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STS increases the protein expression of VEGF and VEGFR2. 
VEGF/VEGFR2 signaling has the greatest effect to promote 
neurovascular regeneration after ischemic stroke (23). In the 
ischemia/reperfusion model of the present study, as presented 
in Fig. 5, the amount of VEGF protein in the vehicle group 
detected by immunofluorescence was significantly reduced 
compared with that in the sham group, while the expression 
of VEGF protein in the STS (30 mg/kg) group was signifi‑
cantly increased compared with that in the vehicle group after 
3 days of ischemia/reperfusion (Fig. 5A and C). The same 
trend and effect of STS (30 mg/kg) on VEGFR2 protein levels 
were obtained using immunohistochemistry (Fig. 5B and D). 
However, no obvious changes in VEGF/VEGFR2 protein were 
observed after edaravone (30 mg/kg) treatment (Fig. 5).

STS promotes mRNA expression of angiogenesis‑related factors. 
To determine the effect of STS on regulatory factors of angio‑
genesis, the relative mRNA levels of the factors VEGF‑A, Ang‑1, 
VEGFR‑2, CD31 and bFGF in brain tissue were determined 
using RT‑qPCR. In the vehicle group, the mRNA expression 
of VEGF‑A and CD31 was significantly reduced, the mRNA 
expression of VEGFR2, Ang‑1 and bFGF was decreased, but not 
significantly compared with that in the sham group. Treatment 
with STS (30 mg/kg) significantly increased the mRNA expres‑
sion of VEGF‑A (Fig. 6A), VEGFR‑2 (Fig. 6B), Ang‑1 (Fig. 6C), 
CD31 (Fig. 6D) and bFGF (Fig. 6E) compared with that in the 
vehicle group. There was no significant difference between the 
edaravone group and vehicle group except for Ang‑1 mRNA.

Discussion

Danshen separated from the dried root of Salvia miltiorrhiza, 
a traditional Chinese medicinal herb, is widely used for the 
prevention and treatment of various cardiovascular diseases 
in the clinic, including angina pectoris, hyperlipidemia and 
acute ischemic stroke (41,42). Tanshinone IIA is an important 
monomer extracted from Danshen. To improve the poor water 
solubility of tanshinone IIA, STS was obtained by sulfonation 
to change the structure and increase the bioavailability. The 
present study focused on the protective effects of STS on brain 
damage induced by acute cerebral ischemia/reperfusion in 
rats and demonstrated that STS relieved cerebral injury after 
ischemia/reperfusion by promoting angiogenesis.

A clinical study revealed that STS improved neurologic 
functional outcomes for patients with acute ischemic stroke 
by reducing BBB leakage and damage (12). Injury to the BBB 
allows blood‑borne cells, chemicals and fluids to flow into the 
brain, which may lead to complications, such as inflamma‑
tory responses and cerebral edema (43). In terms of clinical 
symptoms, BBB destruction has been indicated to be closely 
related to cerebral edema (44). In the present model of cerebral 
ischemia/reperfusion, it was indicated that STS was effective 
in reducing brain damage in rats with cerebral ischemia/reper‑
fusion, including attenuation of cerebral infarction, protection 
of the integrity of the BBB and reduced brain edema. More 
importantly, STS also decreased the neurological deficit scores, 
reversed histopathological changes and reduced apoptotic cell 

Figure 2. Effect of STS on histopathology. H&E‑stained cerebral cortex and striatum of brains after 3 days of middle cerebral artery occlusion/reperfusion. The 
images were acquired with a light microscope (scale bar, 100 µm). Images are representative of 3 animals per group. STS, sodium tanshinone IIA sulfonate.
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death. The magnitude of these protective effects of STS on 
cerebral ischemia/reperfusion injury in rats was similar to that 
of edaravone, a commonly used neuroprotective agent in the 
clinic. In the present study, 5, 15 and 30 mg/kg doses of STS 
were used for some preliminary screening, and 30 mg/kg of 
STS was the most effective therapeutic dose. However, the best 
dose for treatment remains to be determined.

To further elucidate the protective mechanism of STS 
on cerebral ischemic/reperfusion injury in rats, the angio‑
genic effect of STS was further studied. Angiogenesis has 
an important role in the treatment of ischemic stroke (45). 
Pharmacological targeting of microcirculatory dysregulations 
has been indicated to be improved by angiogenesis (46) and STS 
has a protective effect on microcirculatory disturbance (47). 

After a stroke, disruption of the BBB occurs acutely whereas 
regeneration of cerebral microvessels develops relatively late 
in ischemic brain (40), the body's own recovery is relatively 
slow, among which the acceleration of angiogenesis may be 
expected to enhance the prognosis (39), and STS accelerates 
neovascularization of the ischemic zone. In the present study, 
it was first verified that STS was able to increase the vascular 
density in the ischemic brain area. The effect of STS on the 
VEGF/VEGFR2 signaling pathway, which has a major role 
in angiogenesis, was also explored. VEGF is a growth factor 
that stimulates the proliferation of vascular endothelial cells 
and has vital roles in neovascular remodeling in ischemic 
stroke (43). In addition, VEGF possesses neurotrophic and 
neuroprotective activity and the direct neurotrophic effect of 

Figure 3. STS inhibits apoptotic cell death. (A) Immunofluorescence staining for NeuN (red, neurons). (B) Representative TUNEL‑stained apoptotic cells 
(green) in the ischemic brain after 3 days of middle cerebral artery occlusion/reperfusion (scale bar, 100 µm; nuclei are stained in blue). (C) Rate of neuronal 
survival. (D) Quantified number of apoptotic cells. Values are expressed as the mean ± standard deviation (n=5 per group). ***P<0.001 compared with the 
vehicle group; and ###P<0.001 compared with the sham group according to one‑way ANOVA followed by Bonferroni's multiple‑comparisons test. STS, sodium 
tanshinone IIA sulfonate; NeuN, neuronal nuclear protein.
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VEGF was able to confer neuroprotective activity independent 
of angiogenesis (48). However, whether STS promotes VEGF 
in cerebral ischemia has not been reported in the literature, to 
the best of our knowledge. The present study confirmed that 
STS promoted the protein expression of VEGF and VEGFR2 
in ischemic brain tissue of rats, which may indicate that STS 
regulates angiogenesis by activating the VEGF/VEGFR2 
signaling pathway. The protein expression of VEGF will be 
further detected with ELISAs in the serum and supernatant of 

brain tissue homogenate in future studies. In addition, the cell 
types expressing VEGF after STS treatment have remained 
elusive. Certain studies have raised that macrophages secrete 
various angiogenic growth factors (including VEGF) and 
neurotrophic factors to promote angiogenesis, preserve the 
cortical blood supply and improve neurological function in 
the acute phase of cerebral ischemia/reperfusion (49,50). 
Next, the relationship between VEGF and macrophages 
will be further investigated. In the present study, the mRNA 

Figure 4. STS enhances the vascular density in the penumbra after 3 days of ischemia/reperfusion. (A) Representative images of brain tissues with microvessels 
displayed by immunostaining for CD31 and α‑SMA after 3 days of ischemia/reperfusion (scale bar, 100 µm). (B) Quantification of the formation of microves‑
sels via quantification of the fluorescence intensity of CD31 in the ischemic boundary area. Values are expressed as the mean ± standard deviation (n=3 per 
group). **P<0.01 compared with the vehicle group; and #P<0.05 compared with the sham group according to one‑way ANOVA followed by Bonferroni's 
multiple‑comparisons test. STS, sodium tanshinone IIA sulfonate; SMA, smooth muscle actin.
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expression levels of angiogenesis‑related factors in the rat 
brain after cerebral ischemia were examined. The results 
indicated that the mRNA expression levels of VEGF‑A, 
Ang‑1, VEGFR‑2, CD31 and bFGF in the rat brain after cere‑
bral ischemia were reduced compared with the Sham group. 
However, STS could reverse this phenomenon and promote 
the expression of these angiogenesis‑related factors compared 
with the vehicle group. Edaravone had no significant effect on 
any of these angiogenesis‑related factors/processes apart from 
increasing Ang‑1 expression. Therefore, STS was proven to 

be particularly effective in promoting angiogenesis following 
ischemic stroke.

In conclusion, the present study demonstrated that STS 
promoted angiogenesis by regulating the protein expression 
of VEGF and VEGFR2, and regulating the mRNA levels 
of angiogenesis‑related factors, which may contribute to the 
angiogenesis‑promoting effect of STS after cerebral ischemia, 
leading to reduction of the cerebral infarction area, relief of brain 
edema and improvement of BBB integrity, thereby promoting 
the recovery of neurobehavior after experimental stroke.

Figure 5. STS promotes the protein expression of VEGF and VEGFR2 in brain tissues after ischemia/reperfusion. (A) Representative immunofluores‑
cence images of VEGF staining. (B) Representative immunohistochemical images of VEGFR2 staining (red: VEGF, brown: VEGFR2, scale bar, 100 µm). 
(C) Quantitative analysis providing the integrated intensity of VEGF staining. (D) Quantitative analysis of the integrated intensity of VEGFR2 staining. Values 
are expressed as the mean ± standard deviation (n=4 per group). ***P<0.001, **P<0.01 compared with the vehicle group; and ###P<0.001, #P<0.05 compared with 
the sham group according to one‑way ANOVA followed by Bonferroni's multiple‑comparisons test. STS, sodium tanshinone IIA sulfonate; VEGFR2, vascular 
endothelial growth factor receptor 2.
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